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Voltage unbalance (VU) in power systems is a power quality problem of significant
concern where its impact on both utility and end user equipment are well known.
In spite of the associated adverse impacts, network operators often find it difficult
to completely eliminate VU due to some of its unique attributes. Considering two
major contributors to VU, it is difficult to keep the loading levels across the three
phases balanced at all times in addition to eliminating the contributions made by
the asymmetry associated with transmission and distribution lines. Other than
the nature of the VU sources which makes the voltage unbalance management ex-
ercise onerous, associated network wide behaviour sophisticates the attribution of
the responsibilities of excessive VU levels to the network wide dispersed individual
sources. Moreover, the transformation of once passive networks into active networks
has added new dimensions to the development of understanding and practices per-
taining to VU management.
The development of well researched engineering practices to understand, manage
and mitigate VU can be found in relevant research and in International Electrotech-
nical Commission (IEC) treatise. The main objective of the current practice is to
utilise the VU absorption capacity of power systems by allocating VU emission limits
for the individual installations based on their capacity while maintaining stipulated
network planning levels. In doing so, the measurements at the point of evaluation
(POE) have been the major inputs which hardly capture the network wide behaviour
of VU where the associated complexity is greater in interconnected networks. More-
over, in emission assessment which aims at attributing the responsibilities to the
individual contributors, also mainly focuses at the measurements at the POE.
VU being a network phenomenon, it should ideally be analysed similar to any
other power system phenomenon incorporating comprehensive network models in
order to determine effective management and mitigation techniques. However, the
challenge lies in the fact that the three-phase models of networks which can be
utilised in this exercise are not usually available. Thus, there exists a need for
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feasible alternatives to determine the behaviour of VU and establish effective and
coordinated management and mitigation techniques taking into account the corre-
sponding implications from a network wide perspective, in both radial and intercon-
nected networks.
In addressing the above shortfalls, the work presented in this thesis presents a
novel sequence domain network solution to determine the behaviour of VU. The
main advantage of the presented methodology is that it does not require extensive
three-phase modelling of the network which can hinder its practical use. In contrast,
the proposed methodology utilises the linearity feature of the individual unbalanced
sources to determine the network wide impact of each of them in terms of transfer
coefficients derived based on the elements of the network admittance matrix. Under-
standing of the VU from a broader perspective, provides salient inputs for feasible
and coordinated VU management and mitigation techniques. Network wide transfer
patterns of VU levels initiated by individual unbalanced sources are analysed using
extensive number of simulations carried out in PSCAD/EMTDC, DIgSILENT in
conjunction with MATLAB, to verify the proposed methodology.
By employing the developed formulation to determine the network wide impact
of unbalanced installations both in radial and interconnected networks, correspond-
ing VU transfer coefficients are established. Correlation patterns of VU levels in
response to the change in unbalanced loads, are analysed taking into account the
developed transfer coefficients. Similarly, the same sequence domain solution is em-
ployed in determining the network wide impact of untransposed lines on VU. The
factors which determine the most problematic lines are identified considering the
characteristics of the sequence domain network solution. Application of power flow
constraints to the untransposed lines is identified as a feasible VU management
technique based on the findings of the analysis.
In addition to the application of the developed sequence domain solution in VU
emission assessment, it can be used to determine the network wide effect of un-
balanced attenuating loads such as three-phase induction motors. In the existing
v
IEC treatise, VU attenuating effect of induction motor loads is taken into account
employing the VU transfer coefficient from upstream (eg. higher voltage busbar) to
downstream (eg. lower voltage busbar). Complementing the existing IEC knowl-
edge on such attenuation effects, the developed sequence domain network solution
is employed to determine the resultant unbalance attenuation from a network wide
perspective both in radial and interconnected networks. Further, the incorporation
of the VU attenuating effect of induction motors into the results of existing Distri-
bution System State Estimation (DSSE) outcomes to produce more accurate results
in terms of VU is discussed.
In active (ie. using power electronic systems) VU mitigation techniques, in prin-
ciple, the same sequence domain characteristics as in induction motors are intention-
ally implemented to reduce the pre-existing VU levels in the network. Depending
on the fact that the power electronic VU compensator is a series or a shunt device,
the corresponding characteristics are implemented by injecting a negative sequence
voltage or a negative sequence current, respectively. Consequently, the network wide
VU abatement which result from such active mitigation techniques can also be de-
termined by employing the sequence domain network solution presented. Moreover,
the factors which determine the ideal locations for the implementation of active
VU mitigation techniques are identified based on analysis of the sequence domain
solution. Appropriate sizing of the active mitigation device depending on the pre-
existing VU level and the short circuit level of the connection point of the mitigation
device is further discussed.
With the increased penetration levels of distributed generation, associated at-
tenuation aspects of network VU can no longer be neglected. As discussed in this
thesis, modern inverters can be configured to provide controlled voltage unbalance
attenuation at the point of connection. Consequently, a refined VU transfer coef-
ficient is developed which can account for a wide range of both active and passive
devices which help attenuate network VU. Voltage unbalance improvement provided
by inverter based distributed generators essentially differ depending on the control
vi
strategy employed in the underlying power electronic systems. Consequently, the
corresponding contributions made in this thesis are salient not only in terms of de-
veloping a generalised VU transfer coefficient for active networks but also in terms
of establishing a novel control strategy for distributed generators, connected to net-
works with pre-existing VU conditions.
Acknowledgments
It is with great pleasure I convey my gratitude to all who rendered support in
numerous ways to make my research a success.
First and foremost, I would like to express my heartfelt gratitude to my principal
supervisor, Professor Sarath Perera of the University of Wollongong (UOW), for
being a dream supervisor for me throughout my PhD journey. I believe that having
you as my principal supervisor for my PhD, is one of the best things ever happened
in my life. Besides your technical guidance to the research, the nice qualities you
exhibit such as humbleness, patience, dedication always inspired to bring the best
out of me. In addition to you being my principal supervisor during my PhD, I
consider you as a role model for life with all your nice qualities.
Besides my principal supervisor, I would like to convey my heartfelt thanks to Dr
Upuli Jayatunga, for enormous support rendered to me from the very beginning in
different ways. If not for your encouragement to do higher studies, I would not have
decided to pursue a PhD in the first place, for which today I am really grateful. I am
always thankful to you for introducing and recommending me to Professor Sarath
Perera. I really admire your insightful comments, encouragement and guidance given
to complete my research.
I would also like to thank Dr Ashish Agalgaonkar, for being a friendly and sup-
portive supervisor during my PhD candidacy. In addition, I take this an opportunity
to remember my late co-supervisor, Associate Professor Philip Ciufo and pay my
sincere gratitude. Besides his technical support rendered during the early stage of
my PhD, he will always be remembered as one of the most organised and friendly
persons I have ever met.
I wish to thank all the lecturers I met during my Bachelors degree at University of
Moratuwa, Sri Lanka, for the foundation which has been laid during my candidacy.
I believe that fundamental knowledge acquired and inspiration received from my
first university were blessings throughout the journey.
Very special thanks go to Kanchana, Asanga, Pathum and all my friends at the
vii
viii
University of Wollongong for all their support during good times as well as in hard
times during my PhD candidacy. I was lucky to have you all around to share my
thoughts over the last few years in Wollongong.
Also, I wish to thank all APQRC (Australian Power Quality and Reliability
Centre) staff including Sean Elphick and SECTE (School of Electrical Computer
and Telecommunication Engineering) staff for their generous support.
Last, but not least, my heartiest gratitude goes to my parents, my siblings,
Thinidi and Ramindu, and my wife, Dilini, for the continuous encouragement, loving
advice and care during my studies. My parents always nourished my dreams with
endless love and encouraged me to achieve the greater things in life, a blessing which
stayed with me through thick and thin. I am also blessed with a life partner with
whom I also can share and discuss technical matters in relation to studies which I
found really helpful. I would like to thank her for her insights and encouragement
which helped me realise my PhD dream.
List of Principal Symbols and Abbreviations
a, b, c refer to the three phases
α summation law exponent
CIGRE International Council on Large Electric Systems
CIRED International Conference on Electricity Distribution
CUF current unbalance factor
Eui individual customer emission limit [VUF]
EDC Electricity Distribution Code
EHV extra high voltage
EMC Electromagnetic Compatibility
Gu Global emission allowance
HV high voltage
I refers to a constant current load
[I] matrix of nodal currents
Ix nodal current at any busbar x [A]
IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
IM refers to a three-phase induction motor load
ki−x influence coefficient from any busbar i to any other busbar x
klv fraction of LV loads supplied by any higher voltage (MV, HV) busbar
km ratio between the rated motor load (in MVA) and the total
load (in MVA) supplied by an LV system (this has been redefined
at certain sections using the complex powers to retain
the phasor details of the derivations)
kmmv ratio between the rated motor load (in MVA) and the total
load (in MVA) supplied by an MV system
ix
x
ks ratio between the positive and negative sequence impedances of the
aggregated motor load supplied by an LV system
ksc ratio between the short-circuit capacity (in MVA) and the
total load (in MVA) supplied by any busbar (this has been redefined
at certain sections using the equivalent complex impedances to retain
the phasor details of the derivations)
kz, kpq ratios of constant impedance and constant power loads (in MVA)
to the total load
ksc−lvagg ratio between the short-circuit capacity (in MVA) at the LV busbar
and the total load (in MVA) supplied by the LV system.
kuE fraction of global emission allowance allocated to unbalanced installations
k′uE fraction of global emission allowance allocated to network asymmetries




NECA National Electricity Code Australia
NEMA National Equipment Manufacturers Association
oc refers to open circuit
pcxpoe−us VU propagation coefficient from upstream to POE for type x load
phasor representation
PCxpoe−us VU propagation coefficient from upstream to POE for type x load
scalar representation
pcxk−i VU propagation coefficient from busbar ‘i’ to ‘k’ for type x load
phasor representation
PCxk−i VU propagation coefficient from busbar ‘i’ to ‘k’ for type x load
scalar representation
POC point of common coupling
POE point of evaluation
p.u. per unit
xi
rec receiving end busbar of any line t
Si VA loading level of the installation
Ss:x−total total available power of the entire sub-system as seen at the busbar x
Ss:i total power to be supplied by a busbar i, where i = 1, 2, 3..., n, i 6= x
Sui single-phase power equivalent (line-line or line-neutral equivalent)
of the unbalanced installation i
Ssc three-phase short-circuit power at the point of evaluation
send sending end busbar of any line t
St total load in MVA
Tus−i VU transfer coefficient from upstream to ith system
TuML MV to LV VU transfer coefficient
u magnitude of the VU emission in terms of VUF - IEC notation
us refers to upstream system
Ux voltage
[U ] matrix of nodal voltages
UIE International Union for Electricity Applications
Vreg-line voltage regulation of the line
Vdrop-t(k−i) positive sequence voltage drop of the line
connecting busbars k and i
VU voltage unbalance
VUF voltage unbalance factor [%]
V UFPOE VUF at the POE
V UFPOE,stat 95% probabilistic value of VUF
V UF loadPOE VU contribution made by asymmetrical load at the POE
V UF linePOE VU contribution made by asymmetrical line at the POE
V UFsource VUF of the upstream source
V UF sourcePOE VU contribution made by upstream source at the POE
V UF
d_source
k VU contribution made by local busbars at busbar ‘k’
V UF loadk VU contribution made by local load at busbar ‘k’
V UF linek VU contribution made by local lines at busbar ‘k’
xii
P pi Injected active power on phase p of busbar i (p ∈ {a, b, c})
Qpi Injected reactive power on phase p of busbar i (p ∈ {a, b, c})
Ybus Three-phase admittance matrix of the network
ksc Ratio between the short circuit power at LV busbar (in MVA) and
the total load (in MVA) connected at that busbar
Gpmik Real part of the admittance between phase p of busbar i and
phase m of busbar k (p,m ∈ {a, b, c})
Bpmik Imaginary part of the admittance between phase p of busbar i and
phase m of busbar k (p,m ∈ {a, b, c})
θpmik Angle corresponding to the admittance between phase p of busbar i and
phase m of busbar k (p,m ∈ {a, b, c})
Ui,POE Sequence domain voltage at point of evaluation (POE) (i ∈ {0, 1, 2})
Zij,L Elements of the sequence impedance matrix of a load (i, j ∈ { 0, 1 2})
Ii,L Elements of the sequence impedance domain load currents (i ∈ {0, 1, 2})
Zijt Elements of the sequence impedance matrix of a line (i, j ∈ { 0, 1 2})
∆U2,ji Negative sequence voltage drop along the line between nodes j and i
In,ji Sequence current along the line between nodes j and i (n ∈ 0, 1 2)
Zij,mixL Elements of the sequence impedance matrix of a mixed passive and
IM load (i, j ∈ { 0, 1 2})
DSSE Distribution system state estimation
Publications Arising from the Thesis
1. T. D. Kahingala, S. Perera, U. Jayatunga, and A. P. Agalgaonkar, "Determin-
ing the Impact of Line Asymmetries on Network Voltage Unbalance based on
Balanced Load Flow Studies", 2018 Australasian Universities Power Engineer-
ing Conference (AUPEC), pages 1âĂŞ6. IEEE, 2018.
2. T. D. Kahingala, S. Perera, U. Jayatunga, and A. P. Agalgaonkar, "Sensitiv-
ity of Network Wide Voltage Unbalance Levels to Variations in Unbalanced
Installations", accepted for the publication in Proc. International Conference
on Harmonics and Quality of Power (ICHQP 2020), Dubai, March 2020.
3. T. D. Kahingala, S. Perera, U. Jayatunga, and A. P. Agalgaonkar, "STAT-
COM Based Network Voltage Unbalance Mitigation for Sub-Transmission Net-
works", 2019 IEEE Innovative Smart Grid Technologies (ISGT ASIA 2019),
pp.936-942, 21-24 May 2019.
4. T. D. Kahingala, S. Perera, U. Jayatunga, and A. P. Agalgaonkar, "Estimation
of voltage unbalance attenuation caused by three-phase induction motors: An
extension to distribution system state estimation”, IEEE Trans. on Power
Delivery, vol. 34, no. 5, pp. 1853-1864, Oct. 2019.
5. T. D. Kahingala, S. Perera, U. Jayatunga, and A. P. Agalgaonkar, "Network
Wide Influence of a STATCOM Configured for Voltage Unbalance Mitigation”,




1.1 Statement of the Problem . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Research Objectives and Methodologies . . . . . . . . . . . . . . . . . 4
1.3 Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2 Literature Review 11
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 General Overview on Voltage Unbalance in Power Systems . . . . . . 12
2.2.1 Definition of Voltage Unbalance . . . . . . . . . . . . . . . . . 12
2.2.2 Adverse Effects and the Sources of Voltage Unbalance . . . . . 13
2.3 VU Emission Allocation and Assessment in Power Systems . . . . . . 16
2.3.1 Basic EMC Concepts Related to Voltage Unbalance and its
Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.2 Voltage Quality Concepts . . . . . . . . . . . . . . . . . . . . 17
2.3.3 IEC Guidelines on Voltage Unbalance Emission Allocation . . 19
2.3.4 Allocation of VU Emission Limits for Individual Installations . 20
2.3.5 An Overview of VU Emission Assessment . . . . . . . . . . . 25
2.4 VU Transfer Coefficient and VU Attenuation Due to Three-phase
Induction Motors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.5 Mitigation of Voltage Unbalance . . . . . . . . . . . . . . . . . . . . . 32
2.5.1 Mitigation of VU by Suppression of Sources . . . . . . . . . . 33
2.5.2 Active Mitigation of Excessive VU Levels . . . . . . . . . . . . 35
2.6 Voltage Unbalance in Active Distribution Networks . . . . . . . . . . 37
2.6.1 Distribution System State Estimation to Assess Network VU . 37
2.6.2 Increased Penetration Levels of Distributed Generation and
Network VU . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.7 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3 Sequence Domain Network Solution of an Unbalanced Network 41
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.2 Modelling of a Three Phase Unbalanced Network . . . . . . . . . . . 42
3.2.1 Unbalanced Loads . . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.2 Untransposed lines . . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.3 Upstream Network Unbalance . . . . . . . . . . . . . . . . . . 44
3.3 Solution for the Negative Sequence Network Model Using a Modified
Bus Admittance Matrix . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.4 Network Wide Influence Coefficients of Voltage Unbalance . . . . . . 47
3.4.1 Derivation of Influence Coefficients Employing the Negative
Sequence Network Solution . . . . . . . . . . . . . . . . . . . . 47
3.4.2 A Discussion on the Assumptions . . . . . . . . . . . . . . . . 49
3.5 Verification of the Methodology . . . . . . . . . . . . . . . . . . . . . 49
3.5.1 Verification of the Methodology: Three Bus MV Test System . 50
3.5.2 Verification of the Methodology: IEEE 14 Bus Test System . . 52
3.6 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
xiv
xv
4 Impact of Line Asymmetries on Network Voltage Unbalance based on Bal-
anced Load Flow Studies 61
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.2 Nodal Analysis to Determine the Influence of Untransposed Lines . . 62
4.2.1 Influence of a Single Untransposed Line on Network Voltage
Unbalance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.2.2 Extending the Methodology to accommodate all Untransposed
Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.3 Factors Influencing the Voltage unbalance due to Network Asymmetry 66
4.3.1 Degree of Asymmetry of a Line . . . . . . . . . . . . . . . . . 66
4.3.2 Network Conditions . . . . . . . . . . . . . . . . . . . . . . . . 67
4.3.3 Percentage loading of the line . . . . . . . . . . . . . . . . . . 68
4.4 Verification of the Methodology . . . . . . . . . . . . . . . . . . . . . 68
4.4.1 Verification of the Methodology: Three Bus MV Test System . 69
4.4.2 Verification of the Methodology: IEEE 14 Bus Test System . . 71
4.5 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
5 Attenuation of Network Voltage Unbalance due to Three-phase Induction
Motors 80
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.2 Existing Distribution System State Estimation Techniques and Asso-
ciated Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.3 Negative Sequence Model of a Mix of Passive and Induction Motor
Loads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.4 Incorporation of Three Phase Induction Motor Loads into the Se-
quence Domain Network Solution . . . . . . . . . . . . . . . . . . . . 87
5.4.1 Correction of the Negative Sequence Voltage to account for
the Presence of Mixed Loads . . . . . . . . . . . . . . . . . . . 87
5.4.2 Attenuation Patterns of Network VU in the Presence of IM
loads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.4.3 Post-adjustment of the DSSE Results to Account for the Pres-
ence of Loads Including IMs . . . . . . . . . . . . . . . . . . . 91
5.4.4 Derivation of IEC VU Transfer Coefficient . . . . . . . . . . . 93
5.5 Verification of the Methodology . . . . . . . . . . . . . . . . . . . . . 93
5.5.1 Establishment of the Test System and the Base-case Scenario 93
5.5.2 Application to a Single Busbar with Varying IM Loading Levels 95
5.5.3 Monte-Carlo Simulations to Estimate Distribution of the Er-
rors in the New Methodology when the Inputs Consist of
Gaussian Noise . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.5.4 Simulation Cases with Multiple Busbars Contain Different
Percentages of IM Loads . . . . . . . . . . . . . . . . . . . . . 102
5.6 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6 Network Wide Influence of a STATCOM Configured for VU Mitigation 105
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.2 Influence of a STATCOM configured for VU Improvement on a Net-
work Wide Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
6.2.1 Accommodating the Impact of the Presence of a STATCOM . 107
xvi
6.2.2 Factors which Determine the Optimum Location for Imple-
mentation of STATCOM Based VU Mitigation . . . . . . . . 109
6.2.3 Estimation of the Required Capacity of the STATCOM . . . . 109
6.3 A STATCOM Model in PSCAD Utilising a Modified VCVS (Voltage
Controlled Voltage Source) Control Strategy . . . . . . . . . . . . . . 111
6.4 Verification of the Methodology . . . . . . . . . . . . . . . . . . . . . 113
6.4.1 Verification of the Methodology: Three Bus MV Test System . 113
6.4.2 Verification of the Methodology: IEEE 14 Bus Test System . . 117
6.5 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
7 A Case Study on Different VU Mitigation Approaches applied to a 66 kV
Sub-Transmission Test Network 123
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
7.2 A Simple Circuit Theory Explanation behind Different VUMitigation
Options . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
7.3 An Overview of the 66 kV Sub-Transmission Test Network . . . . . . 126
7.3.1 Introduction to the Test System . . . . . . . . . . . . . . . . . 126
7.3.2 VU Sources and their Contributions . . . . . . . . . . . . . . . 128
7.4 VU Mitigation in the 66 kV Sub-Transmission Test Network . . . . . 130
7.4.1 Application of Different VU Mitigation Techniques . . . . . . 130
7.4.2 Optimum Location for Active VU Mitigation . . . . . . . . . . 132
7.5 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
8 Development of a Generalised Voltage Unbalance Transfer Coefficient for
Active Networks 135
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
8.2 A Generalised VU Transfer Coefficient Based on an Aggregated Load
Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
8.2.1 An Aggregated Load Model . . . . . . . . . . . . . . . . . . . 137
8.2.2 An Aggregated Voltage Unbalance Transfer Coefficient . . . . 138
8.2.3 Link between the Generalised VU Transfer Coefficient and the
IEC VU Transfer Coefficient . . . . . . . . . . . . . . . . . . . 140
8.3 Incorporation of Inverter-based Distributed Generators into the Ag-
gregated VU Transfer Coefficient . . . . . . . . . . . . . . . . . . . . 140
8.3.1 Sequence Domain Models for Inverter-based Distributed Gen-
erators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
8.3.2 VU compensation Provided by Inverter-based Distributed Gen-
erators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
8.4 Verification of the Methodology . . . . . . . . . . . . . . . . . . . . . 146
8.4.1 An Equivalent PSCAD/EMTDCModel for Inverter-based Dis-
tributed Generators . . . . . . . . . . . . . . . . . . . . . . . . 146
8.4.2 Unbalance Correction Provided by Inverter-based Distributed
Generators Employing Different Controls Strategies . . . . . . 149
8.5 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
9 Conclusions and Recommendations for Future Work 154
9.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
9.2 Recommendations for Future work . . . . . . . . . . . . . . . . . . . 157
xvii
A Details of the Three-bus MV Test System (Fig. 3.3) 171
B Data of the IEEE 14-bus Test System (Fig. 4.7) 172
C 66kV Sub-transmission Interconnected Study System Data (Fig. 7.3): Ex-
tracted from [1] 175
C.1 Operating Conditions at the Considered Time Stamp . . . . . . . . . 175
C.2 Line Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
D Data of the IEEE 13-bus Test System (Fig. 5.6): Extracted from [2] 179
E Control Strategies of Three-phase Distributed Generators under Grid VU 183
E.1 Minimisation of Active Power Oscillations . . . . . . . . . . . . . . . 183
E.2 Controlled VU compensation . . . . . . . . . . . . . . . . . . . . . . . 185
List of Figures
1.1 Block diagram representation of the contributions made by this thesis
and their links to the IEC existing VU management process . . . . . 6
2.1 Derating curve for induction motors based on percent of VU [3] . . . 14
2.2 Illustration of basic voltage quality concepts with time/location statis-
tics covering the whole system [4] . . . . . . . . . . . . . . . . . . . . 17
2.3 Illustration of the Global VU emission at a MV busbar adapted from
[4] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4 Pre and post-connection stages of an unbalanced load at the POE [5] 25
2.5 Vectorial representation of negative sequence voltages at the POE . . 27
2.6 Variation voltage unbalance transfer coefficient (TuML) with km es-
tablished using (2.15) for various combinations of ks and ksc . . . . . 29
2.7 Practical demonstration of the VU attenuation effect of three-phase
induction motors at a remote mine site [6] . . . . . . . . . . . . . . . 30
3.1 Negative sequence model for (a) loads (b) lines (c) upstream network 44
3.2 Negative sequence model for a part of an unbalanced network . . . . 45
3.3 3 bus MV test system . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.4 Distribution of incremental negative sequence voltage magnitudes at
busbar 1 and busbar 3 for 700 random load changes at busbar 2 . . . 51
3.5 Distribution of the incremental negative sequence voltage angles at
busbar 1 and busbar 3 for 700 random load changes at busbar 2 . . . 51
3.6 V2 of busbars 9, 10, 11, 12, 13 and 14 for the cases listed in Table. 3.2 55
3.7 Variation of |V2| of the mainly affected busbars in the vicinity of
busbar 14 vs variation of |V2| of busbar 14 . . . . . . . . . . . . . . . 56
3.8 Variation of the phase angle of V2 of the mainly affected busbars in the
vicinity of busbar 14 vs variation of the phase angle of V2 of busbar 14 56
3.9 Incremental change in negative sequence voltage between two cases
(listed in Table. 3.2) ∆V2,Case:i−i+1 corresponding to different busbars 58
4.1 Two-port π Model of a Transmission Line (series admittance=yxy,
shunt admittances=yx0, yy0) . . . . . . . . . . . . . . . . . . . . . . . 63
4.2 Negative sequence model for an untransposed line . . . . . . . . . . . 64
4.3 Modified negative sequence model of the untransposed line xy . . . . 64
4.4 Indicative values of the ratio |Z21t/Z11t| for lines with different phys-
ical configurations [5] . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.5 Negative sequence voltage observed at different busbars with loading
level of the selected untransposed line (a) line 1-2 is untransposed (b)
line 2-3 is untransposed (c) line between 3-1 is untransposed . . . . . 70
4.6 Comparison of the results obtained using the proposed methodology
with full unbalanced load flow results, for the cases illustrated in Table
4.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.7 Standard IEEE 14 bus test system . . . . . . . . . . . . . . . . . . . 72
4.8 Negative sequence voltage observed at different busbars (a) line 6-12
is untransposed (b) line 13-14 is untransposed . . . . . . . . . . . . . 73
xviii
xix
4.9 Comparison of the results obtained using the proposed methodology
with the full unbalanced load flow results, for the cases illustrated in
the Table 4.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.10 Negative sequence voltage observed at busbar 14, for different loading
levels of the untransposed line 13-14, with different induction motors
connected at the same busbar . . . . . . . . . . . . . . . . . . . . . . 77
4.11 Demonstration of the effect of an induction motor load on network VU 78
5.1 Sequence domain ((a) Positive sequence (b) Negative sequence) mod-
els of a mixed passive and IM load . . . . . . . . . . . . . . . . . . . 85
5.2 Variation of β for different compositions of the mixed load . . . . . . 86
5.3 Thevenin’s equivalent circuit of the rest of the network at busbar i . . 89
5.4 Variation the impact of the short circuit level (ksc) at the IM con-









of (5.19)) . . . . . . . . . . . . . . . . 90
5.5 Post-adjustment of the DSSE results to account for the presence of
loads including IMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.6 Standard IEEE 13 bus distribution network (The busbars with three-
phase connectivity are circled) . . . . . . . . . . . . . . . . . . . . . . 94
5.7 Percentage Negative sequence voltages (|V2|%) obtained for IEEE 13
distribution network, using the methodology presented in [7]. . . . . . 95
5.8 Estimated and actual negative sequence voltages at different busbars
for different IM percentages at busbar 675 of IEEE 13 bus network . 96
5.9 Percentage error associated in the estimated negative sequence volt-
ages for the original IEEE 13 bus network . . . . . . . . . . . . . . . 96
5.10 Percentage error associated in the estimated negative sequence volt-
ages for (a) Original IEEE 13 bus network (b) Network with constant
current loads only (c) Network with constant impedance loads only . 97
5.11 Attenuated negative sequence voltage at different busbars when the
same (equivalent) IM connected separately at busbar 634, 671 and
675 of the IEEE 13 network . . . . . . . . . . . . . . . . . . . . . . . 98
5.12 Distributions of the estimated VU at different busbars of IEEE 13
bus network for ks and km with normally distributed errors . . . . . . 100
5.13 Cumulative Distribution Function (CDF) of the results of Monte-
Carlo simulation results for busbars 632, 634, 675, and 692 of IEEE
13 bus network and the corresponding normal distributions with the
same µ and σ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
5.14 Estimated and actual negative sequence voltages at different busbars
for the cases given in TABLE 5.1 . . . . . . . . . . . . . . . . . . . . 102
6.1 Detection of positive sequence voltage, adopted from [8] . . . . . . . . 111
6.2 Detection of negative sequence voltage, adopted from [8] . . . . . . . 112
6.3 V UFs (%) at busbar 3 for different STATCOM amplifying factors:
Comparison of the estimated V UFs (%) and the simulation results
for different load types . . . . . . . . . . . . . . . . . . . . . . . . . . 114
6.4 Estimated and actual V UF (%) at busbars for a STATCOM installed
at busbar 3 (k = 1.5) together with pre-connection levels . . . . . . . 115
xx
6.5 Network wide VU mitigation for different STATCOM installation lo-
cations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
6.6 Measured VU levels for modified IEEE 14 test network . . . . . . . . 117
6.7 V UFs (%) at busbar 9 for different STATCOM amplifying factors:
Comparison of the estimated V UFs (%) and the simulation results
for different load types . . . . . . . . . . . . . . . . . . . . . . . . . . 118
6.8 Estimated and actual V UF (%) at busbars for a STATCOM installed
at busbar 9 (k = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
6.9 Network wide VU mitigation for different STATCOM locations . . . . 120
7.1 Equivalent negative sequence circuit representation to illustrate VU
management and mitigation techniques . . . . . . . . . . . . . . . . . 124
7.2 Variation of V2,PoE with Z22,UM . . . . . . . . . . . . . . . . . . . . . 125
7.3 66 kV sub-transmission test network [9] . . . . . . . . . . . . . . . . . 127
7.4 Measured VU levels for 66 kV sub-transmission test network [9] . . . 127
7.5 An overview of VU sources and their contributions: (a) original net-
work (b) network with balanced loads and untransposed lines (c)
network with transposed lines and unbalanced loads . . . . . . . . . . 129
7.6 Comparison of the voltage unbalance improvements achieved through
different VU mitigation techniques . . . . . . . . . . . . . . . . . . . 131
7.7 Network wide VU mitigation with different STATCOM locations . . . 133
8.1 Aggregated load model of n loads at the point of evaluation (PoE) . . 137
8.2 Equivalent circuit for the derivation of kmDG at the Point of Evalua-
tion (PoE) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
8.3 A snapshot of the sequence domain currents and voltages at t = t1 at
PoE of a three-phase distributed generator . . . . . . . . . . . . . . . 143
8.4 Single line diagram of the equivalent model developed for inverter
based distributed generators . . . . . . . . . . . . . . . . . . . . . . . 147
8.5 Active power ripple for different magnitudes of ks,DG (while angle
between v2,PoE(t) and i2,DG(t) controlled at (π − α), i.e. angle of
ks,DG at (π − 2α), where α = cos−1(0.8) ) . . . . . . . . . . . . . . . . 148
8.6 Active power ripple with varying angle between v2,PoE(t) and i2,DG(t)
(while |ks,DG| is controlled at 1 throughout) for the distributed gen-
erator operating at 0.8 leading power factor . . . . . . . . . . . . . . 149
8.7 Variation of TDG (for ksc = 5) for varying levels of inverter-based
distributed generators at PoE employing different control strategies:
Comparison between theoretical relationship and the simulation results150
8.8 Variation of TDG (for ksc = 10) for varying levels of inverter-based
distributed generators at PoE employing different control strategies:
Comparison between theoretical relationship and the simulation results151
8.9 Variation of TDG (for ksc = 20) for varying levels of inverter-based
distributed generators at PoE employing different control strategies:
Comparison between theoretical relationship and the simulation results151
E.1 Reproduction of Fig. 8.3 (A snapshot of the sequence domain currents
and voltages at t = t1 at PoE of a distributed generator) . . . . . . . 183
List of Tables
2.1 Indicative kuE values for systems with different characteristics [4] . . . 23
3.1 Comparison of the goodness of fit for the results obtained with trans-
posed and untransposed lines shown in Fig. 3.4 . . . . . . . . . . . . 52
3.2 Negative sequence voltages (V2,j%) of different busbars for the 7 dif-
ferent cases where the unbalanced status of the load connected at
busbar 14 was changed . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.1 Simulation cases with multiple untransposed lines, with different per-
centage loading levels . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.2 Simulation cases with multiple untransposed lines, with different per-
centage loading levels . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.1 Simulation cases where multiple busbars of IEEE 13 bus test network
contain IM loads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
6.1 R-square of simulation results for 3 bus MV test network with differ-
ent load types against the estimated results employing the proposed
methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
6.2 R-square of simulation results for IEEE 14 bus test network with
different load types against the estimated results employing the pro-
posed methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
7.1 Comparison of VUF levels (%) of the 66 kV sub-transmission net-
work (a) original network (b) network with balanced loads and un-
transposed lines (c) network with transposed lines and unbalanced
loads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
7.2 Network-wide VUFs (%) following the application of different miti-
gation options (M1 : Balancing of loads, M2 : Transposition of line
I, M3 : Transposition of line I & F, M4 : Application of active VU
mitigation at Busbar S6) . . . . . . . . . . . . . . . . . . . . . . . . . 131
7.3 Percentage change of VU for transposition of line I & F and active
VU mitigation at busbar S6 . . . . . . . . . . . . . . . . . . . . . . . 132
8.1 Comparison of ks,DG related to different control strategies of inverter
based distributed generators . . . . . . . . . . . . . . . . . . . . . . . 145
8.2 Example expressions for TDG with inverter-based distributed genera-
tors employing different control strategies at PoE . . . . . . . . . . . 146
8.3 Scaling factors used with transmission lines of 3 bus MV test system
in order to obtain different ksc values at PoE . . . . . . . . . . . . . . 150
B.1 Voltage controlled bus data . . . . . . . . . . . . . . . . . . . . . . . 172
B.2 Static capacitor data: susceptances . . . . . . . . . . . . . . . . . . . 172
B.3 Generator and load bus data: three-phase MW and MVAr values . . 173
B.4 Transformer data: impedances and secondary tap settings (1st and
2nd bus numbers refer to the primary and the secondary respectively) 173
B.5 Nodal positive sequence voltages . . . . . . . . . . . . . . . . . . . . . 174
B.6 Transmission line data: lengths and impedances . . . . . . . . . . . . 174
xxi
xxii
C.1 System details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
C.2 Voltage controlled bus data . . . . . . . . . . . . . . . . . . . . . . . 175
C.3 Generator and load bus data: three-phase MW and MVAr values . . 176
C.4 Voltage regulator data: impedances and secondary tap settings . . . . 176
C.5 Static capacitor data: susceptances . . . . . . . . . . . . . . . . . . . 177
C.6 Generator impedance data . . . . . . . . . . . . . . . . . . . . . . . . 177
C.7 Three-phase unbalanced load distribution over various busbars . . . . 177
C.8 Lengths and impedances (Z21,t and Z11,t) of sub-transmission lines . . 178
D.1 Overhead Line Configuration Data . . . . . . . . . . . . . . . . . . . 179
D.2 Underground Line Configuration Data . . . . . . . . . . . . . . . . . 179
D.3 Line Segment Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
D.4 Transformer Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
D.5 Capacitor Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
D.6 Regulator Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
D.7 Spot Load Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
D.8 Distributed Load Data . . . . . . . . . . . . . . . . . . . . . . . . . . 182
E.1 Comparison of ks,DG and Pm related to different control strategies of
inverter based distributed generators . . . . . . . . . . . . . . . . . . 186
Chapter 1
Introduction
1.1 Statement of the Problem
Network voltage unbalance (VU) is a power quality problem of significant concern to
both electricity utilities and end users of equipment. Three-phase rotating machines
can be noted to be the major victim due to the increased thermal stress and the
vibration in the presence of supply VU. With the increased penetration levels of
disturbing loads such as high power traction and single-phase distributed generators,
network operators are now more diligent than ever in maintaining the network-
wide VU within stipulated limits. Thus, a revisit to the existing VU management
practices is required to cater for the changes that are happening with respect to
loads and the network conditions.
VU management in general implies proper allocation and distribution of the to-
tal VU absorption capacity of the power system among all sources of unbalance
including customer installations. It can be identified as the synergy of the tasks;
allocation of the emission limits to the individual sources and compliance (emission)
assessment at the post connection stage thus regulating the individual contribu-
tors. The International Electrotechnical Commission (IEC) Technical Report IEC/
TR-61000-3-13 [4] and The CIGRE/CIRED C4.109 joint working group report on
emission assessment techniques [5] which cover emission allocation and assessment
respectively can be considered as primary sources in this regard. Consequently, the
1
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first step in VU management is to establish the global VU emission allowance (i.e.
total VU absorption capacity of the power system), taking into account the planning
levels and VU propagation through VU transfer and influence coefficients. Emission
limits for individual installations are thereby determined employing the methodolo-
gies in [4] by apportioning the total VU emission allowance. When apportioning
VU for the installations, a factor known as kuE is used to take into account the VU
that results from network inherent asymmetry and the remaining absorption capac-
ity is then apportioned between the installations based on their rating employing
the general summation law with an exponent of 1.4 to account for diversity of the
unbalanced sources.
Preliminary work has been completed in [5] regarding the VU assessment of
unbalanced installations based on the pre-connection and post-connection measure-
ments and applying the general summation law. Complementing this concept, re-
search which considers comprehensive methodologies for the attribution of the re-
sponsibility of the various VU sources based on complex VU factors on pre and post
connection stage network snapshots can be found in [10, 11].
The major focus of the existing IEC practice is to determine the influence of
VU emission of an unbalanced installation at the point of connection. Although
it takes into account the corresponding effect of the network inherent asymmetry
as seen by the point of connection in a rudimentary manner, the approach does
not provide an overview of the corresponding effect on a network wide perspective.
Consequently, the results of the current approach does not provide useful information
on the implementation of the network VU mitigation measures such as appropriately
constraining power flow in untransposed lines whenever required. The methodologies
which consider such aspects so far require extensive data and hence are prohibitive
in practical implementation. Consequently, a simple enough approach which can
provide details on the contribution of asymmetrical lines in a comprehensive manner
is essential.
Similarly, the impact of unbalanced installations from a network wide perspective
3
is not discussed in the IEC Technical Report. Although it discusses the concept of
VU transfer coefficients with respect to HV and EHV systems in a rudimentary
manner, the associated discussion is not sufficient to determine the influence of a
particularly disturbing source on a network wide basis. Especially when analysing
real time VU measurements, methodologies for attribution of the responsibilities of
excessive VU levels to system wide sources are required. Determining the correlation
of synchronised measurements gathered at different network locations is a technique
which has been successfully used with the other power quality disturbances such as
flicker [12] and harmonics [13] in order to determine the responsibilities associated
with their excessive levels. There is a lack of a holistic knowledge on VU as a
network wide phenomenon and the associated connectivity of various VU sources.
Consequently, the development of methodologies to analyse the network wide VU
in a systematic manner is salient not only for effective emission assessment based
on widespread real time data but also for the implementation of proper mitigation
measures in practice.
Apart from the discussion on the role of three-phase rotating machines in at-
tenuating the transferred VU in the derivation of the VU transfer coefficient, IEC
Technical Report does not delve into extensive details. However, in network VU
studies, the role of VU attenuating loads on a network wide basis needs to be taken
into account. The specific characteristics of induction motors which help attenuate
VU can be identified as their dissimilar sequence domain impedances. In active
VU mitigation techniques (eg. STATCOMs used for VU compensation) the same
principle is exploited to deliberately reduce the network wide VU levels. However,
systematic approaches to determine the network wide VU correction made by such
practices are yet to be developed. With the transformation of once passive distri-
bution networks into active management, three-phase rotating machines are not the
only equipment which help attenuate network VU. With the increased penetration
levels of active devices such as three-phase distributed generation and distribution
level power quality conditioning equipment, the corresponding attenuation effects
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can no longer be neglected. On the other hand connection of single phase PV
inverters and Electric Vehicle (EV) loads may aggravate resultant VU levels. Con-
sequently, current VU emission assessment practices need to be further enhanced to
cater for the advancements of consumer installations and network conditions.
1.2 Research Objectives and Methodologies
The main thrust of this research is to make contributions towards the current under-
standing of network wide VU while encompassing the existing IEC VU management
practices. Thus, the primary focus of the work presented in this thesis is to examine
the network wide picture of VU which is overlooked in the existing VU manage-
ment processes. VU being a network phenomenon, giving proper attention to its
network wide behaviour is salient not only for the development of comprehensive
emission assessment techniques but also for the implementation of effective VU mit-
igation techniques. In addition, the understanding of network wide behaviour of
VU is essential to further develop existing management techniques to cater for the
advancements in network conditions and load behaviour. Arising from the above,
the major research objectives and activities undertaken are as follows:
• Development of a sequence domain network solution for unbalanced networks
which can be employed in determining network wide VU.
• Establishment of systematic approaches to identify the impact of individual
untransposed lines on network wide VU levels employing the sequence domain
network solution.
• Development of methodologies to determine network wide influence coefficients
of unbalanced installations which can be employed in determining the corre-
lation between network wide VU levels in emission assessment studies.
• Analysis of network wide VU attenuating effect of three-phase induction mo-
tors and incorporation of the corresponding effects into sequence domain net-
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work solution.
• A discussion on the VU mitigation techniques and development of methodolo-
gies to assess the network wide VU correction made by active VU mitigation
techniques.
• Development of revised expressions for VU transfer coefficients from upstream
to downstream for active distribution networks.
• A discussion on the control aspects of three-phase distributed generators oper-
ating in networks with pre-existing VU and establishment of a novel decoupled
control approach for correction of network VU while minimising the associated
effects on the converters associated with distributed generators.
An overview of the work presented in this thesis together with the contributions
relevant to the components of the existing IEC VU management philosophy (Block
1) is presented in Fig. 1.1. As illustrated, the foundation of the work presented
in this thesis can be identified as the establishment of a sequence domain network
solution (Block 2) for unbalanced networks. In order to develop the proposed solu-
tion, positive, negative and zero sequence components of basic constituent parts of
an unbalanced network are established. The sequence domain solutions are thereby
obtained by applying nodal analysis on the simple circuit representation of an un-
balanced network. The fact that, passive elements such as transmission lines possess
similar positive-positive and negative-negative sequence coupling impedances is ex-
ploited to obtain a simplified solution. The composition of the solution is such that
all sequence data related to unbalanced information is embedded in a single ma-
trix whereas other matrices of the solution include the negative sequence data of
the network and positive sequence current injections, related to which reasonable
approximations can be made based on balanced load flow studies. Resulting from
the aforementioned composition, it is convenient to analyse the effects of different
unbalanced sources independently and in a comprehensive manner, employing the
superposition theorem.
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Figure 1.1: Block diagram representation of the contributions made by this thesis
and their links to the IEC existing VU management process
7
Consequently, the application of the developed methodology to determine net-
work wide effect of untransposed lines and unbalanced installations is presented
(Block 3). The findings are helpful in determining the network wide influence coeffi-
cients of various sources of unbalance as indicated in Block 4. Further, by considering
the nature of the impedance elements of networks, the correlation of VU levels with
respect to a particular source are forecasted. In addition, the factors which make a
particular unbalanced source influential on a network wide basis are identified based
on the sequence domain network solution. Resulting from such an identification
process, potential options that can be used to suppress detrimental impacts is one
of the major outcomes of the thesis (Block 4).
As another application of the sequence domain network solution, determination
of the network wide effect of VU attenuating loads such as three-phase induction
motors are investigated (Block 5). In order to determine the network wide attenu-
ating effects of such loads, sequence domain models are developed and incorporated
into the solution (Block 5). Active VU mitigation techniques which deliberately
introduce the same type of sequence impedances to mitigate excessive VU levels
are analysed similarly, by incorporating sequence domain models of them into the
solution. Based on the findings, another major objective of this thesis is the revi-
sion of the existing VU transfer coefficient which only takes into account the effect
of three-phase induction motors to cater for the new types of loads and network
conditions (Block 6).
1.3 Outline of the Thesis
A summary of the contents of the remaining chapters is given below;
A literature review which gives a detailed overview of VU is presented in Chap-
ter 2. Different definitions of VU and their evolution, sources which give rise to
this power quality disturbance and the associated impacts are discussed in detail.
The existing IEC VU management practices including emission allocation, limits for
individual emissions and compliance assessment are explained. The valuable contri-
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butions made by the relevant treatise for potential advancements of current practices
are investigated. Further, the areas such as attenuation and mitigation aspects of
VU which have not been given detailed attention in the IEC Technical Report are
discussed, referring to the relevant treatise. Most importantly, a comprehensive dis-
cussion on the recent and near future advancements of distribution networks such
as increased penetration of distributed generation levels and other power electronic
interfaces such as power quality conditioning equipment and advancements in real
time monitoring techniques is given, taking into account the associated influence on
network VU and its assessment.
Chapter 3 presents a generalised sequence domain network solution for an un-
balanced network taking into account the basic constituent parts. This novel formu-
lation is established such that the three matrices presented independently embed the
negative sequence impedance data of the network, sequence data related to sources
of unbalance and positive sequence current injected, respectively. Consequently, the
composition of the developed formulation provides an overview of the network wide
influence of different sources of unbalance together with the underlying factors. Fur-
ther, the application of the developed formulation to determine the network wide
effect of unbalanced installations is discussed.
Continuing the above discussion, Chapter 4 presents the application of the
sequence domain network solution to determine the network wide impact of un-
transposed lines. Based on the composition of the solution, this chapter investigates
the factors which make a particular untransposed line influential in terms of VU
emission. This essentially provides salient inputs for feasible VU mitigation tech-
niques where the transposition of untransposed lines would not always be a feasible
solution for addressing excessive VU levels due to economical and geographical con-
straints. Consequently, the application of power flow constraints on untransposed
lines to meet the stipulated VU limits is suggested.
Attenuation of network VU and application of active mitigation techniques are
few areas in which IEC Technical Report is lacking. With the understanding of
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network wide behaviour of VU, those aspects can be investigated in a detailed and
comprehensive manner. Consequently, Chapter 5 develops sequence domain mod-
els for three-phase induction motors to incorporate them into the sequence domain
network solution and thereby enabling evaluation of the corresponding network wide
VU attenuation. The corresponding results are compared with the existing IEC VU
transfer coefficient relevant only to radial networks. The understanding of network
wide attenuation effects is complementary to existing knowledge which only deals
with radial networks.
Chapter 6 presents a case study based on a 66 kV sub-transmission test network
to illustrate different VU management and mitigation options and to comparatively
evaluate them. This investigation includes not only the suppression of the unbal-
anced sources such as transposition of untransposed lines, balancing of unbalanced
loads, but also implementation active VU mitigation techniques. The evaluation of
different techniques is presented taking into account different contexts.
A systematic approach to determine the network wide VU correction which can
be anticipated by active VU mitigation techniques is developed in Chapter 7, em-
ploying the derived network solution. In order to verify the formulation, a STAT-
COM model configured for VU mitigation is developed in PSCAD/EMTDC. A
modified VCVS (voltage controlled voltage source) [8] control strategy is employed
as the control mechanism of the STATCOM. Moreover, the factors which make a
particular location in the network suitable for the implementation of active VU
mitigation are discussed based on the developed analytical tools.
Chapter 8 proposes a comprehensive formulation for VU transfer coefficient
which can cater for the recent advancements in distribution networks such as in-
creased penetration levels of distributed generation and power quality conditioning
equipment. Although there exists recent research which considers the configuration
of three-phase distributed generators to reduce network VU, the corresponding as-
pects from a network perspective do not exist. To address this shortcoming, this
chapter evaluates the corresponding effect from a network wide VU management
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perspective. The formulation is general such that it can cater for the effect of any
advanced power electronic interface connected to the distribution level of the net-
work.
The findings of this thesis give a novel perspective to address network VU, that
are relevant not only in determining the potential mitigation options but also in
comprehensive network wide VU management. In addition, the understanding of
the network wide behaviour of VU is salient to cater for the recent and futuristic
advancements in networks. Chapter 9 summarises the major findings of the thesis




This chapter presents an overview of network VU, including definitions, adverse
effects, sources and mitigation techniques. Moreover, a discussion on basic elec-
tromagnetic compatibility concepts related to emission allocation and assessment
as per the IEC/TR 61000-3-13 [4], is provided establishing the background knowl-
edge. In addition, potential extensions to the current IEC practices in terms of
emission allocation [1] and assessment [14], which can be found in relevant treatise,
are discussed.
Recent advancements at distribution level especially with the increased pene-
tration levels of dispersed generation and advanced real time monitoring, smart
metering and state estimation techniques, have opened new pathways for enhance-
ment of conventional power quality related practices. The transformation of once
passive networks into active control, not only introduces added complications to the
current network VU understanding but also opens up feasible alternatives towards
active management of VU [15]. Consequently, the associated effects on network VU
paying attention to the aforementioned aspects are reviewed in this chapter forming
the impetus for the work presented in rest of the thesis.
11
12
2.2 General Overview on Voltage Unbalance in Power Sys-
tems
2.2.1 Definition of Voltage Unbalance
Network voltage unbalance (VU) is a condition of a poly-phase system in which
the magnitudes of the fundamental phase voltages and/or phase angle separation
between them are not equal [4]. Theory of symmetrical components states that any
three-phase unbalanced network can be decomposed into three balanced sub-systems
known as positive, negative and zero sequence systems. Consequently, the degree
of asymmetry of power systems can be expressed using both the ratio of negative
sequence voltage and zero sequence voltage to positive sequence voltage. However,
as the coupling transformers normally restrict the flow of zero sequence current
and also because many three phase loads are supplied by three wire systems, zero
sequence voltages are of lesser importance in power systems operating at medium
(MV), high (HV) and extra high (EHV) voltage levels [4]. In contrast, negative
sequence current which can flow in power systems similar to the positive sequence
current can have detrimental impacts on both end-consumer and utility equipment.
Consequently, IEC Technical report, IEC/TR 61000-3-13, defines a voltage unbal-
ance factor (V UF ) to specify the level of VU as the ratio of fundamental negative




Ratio between the negative to positive sequence voltages should carry an angle
information in theory. However the common practice is just to consider the absolute
value of the ratio for brevity as in (2.1). Nevertheless, several recent research studies
carried out in order to investigate the complex V UF and the associated effects can
be found in the literature [16, 17, 18]. Related to VU, IEC/TR 61000-3-13 [4]
applies a general summation law with an summation exponent of 1.4 to determine
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the total emission levels considering the underlying vectorial behaviour of individual
VU levels in situations where multiple VU sources exist.
A convenient formulation for VUF of (2.1) is given in (2.2) which utilises only














Uab, Ubc and Uca are the fundamental line-line, RMS voltages
Alternatively, National Electrical Manufacturers Association (NEMA) [19] de-
fines VU based on the maximum deviation of the line-line to voltage from the average
of the three line-line voltages as in (2.3);
Voltage unbalance =
Maximum voltage deviation from the average line-line voltage
Average line-line voltage
(2.3)
A comparative analysis of situations where different definitions of VU lead to dif-
ferent results is given in [20]. Although, it is simple and straightforward to work with
NEMA definition, it is not mathematically rigorous compared to the IEC definition
which has made the use of V UF common.
2.2.2 Adverse Effects and the Sources of Voltage Unbalance
Network VU can affect adversely on both end-consumer equipment and utility net-
work. Among the end-user equipment, mains connected three-phase induction mo-
tors are one of the major victims of supply VU. A small unbalance in the supply
voltage of induction motors generally lead to significantly large unbalances in phase
currents [21]. The major consequences include, increased heat in both stator and ro-
tor windings, reduced motor useful torque, increased noise and vibration [22]. These
14
adverse effects are well documented where relevant research has been active since
1950s [23, 24]. Consequently, the common practice is to operate induction motors
at a reduced capacity as suggested by NEMA derating curve as illustrated in Fig.
2.1, depending on the supply VU level in order to protect the machines from the
adverse effects [3].
Figure 2.1: Derating curve for induction motors based on percent of VU [3]
In the presence of supply VU, power electronic converters [21, 15] and arc fur-
naces [25, 26] produce non-characteristic harmonics in addition to the characteristic
harmonics in the input current. Terminal VU causes double frequency oscillations
in the output of power electronic converters which often give rise to ripple in the dc
link voltage [15]. Consequently, increased peak currents in a phase or two can lead
to nuisance tripping and activation of overload protection. Also due to the thermal
stress that would occur due to harmonic currents, the underlying components such
as the DC link capacitor can experience premature failure [27].
Due to the fact that negative sequence current can flow in a similar way to the
positive sequence current, it can cause detrimental impacts on the utility network as
well. Network equipment such as overhead lines, cables and transformers experience
increased power losses leading to reduction in capacity [28, 29]. Synchronous gener-
ators also experience a similar phenomenon to that of three-phase induction motors
in the presence of network VU. The major consequences include, excess machine
losses and heating due to the negative sequence current, excess noise and vibra-
tion which can be hazardous to structural components [21]. In addition, transient
stability of synchronous generators has been noted to be much more vulnerable to
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asymmetrical faults in unbalanced power systems [30, 31].
In spite of the associated adverse impacts, network VU is a power quality phe-
nomenon, where network operators often find difficulties in keeping to the limits
defined in the National Electricity Rules [32]. Uneven distribution of single phase
loads, two phase loads such as electrified railways [33, 34] and asymmetrical three-
phase loads are often unavoidable thus causing network VU. Due to the intermittent
nature of loads, it is rather impossible to keep them balanced across the three phases
at all times [21]. Increasing number of single-phase rooftop solar PV generation also
makes the balancing exercise more challenging than ever.
Network inherent asymmetry associated with untransposposed lines which result
in unequal mutual impedances also can significantly contribute to the network VU
[35, 36, 37]. When apportioning global VU emission allowance (Uglobal) to customer
installations, IEC/TR 61000-3-13 uses a scaling factor kuE to account for network
inherent asymmetries. According to IEC guidelines the value of kuE can be as low
as 0.4 for networks with very low degree of transposition with predominantly radial
lines, hinting the dominant nature of network asymmetry in relation to network VU
[4]. In [38] a case study is presented based on a 66 kV sub-transmission network
in Australia (where the VU limit is 1%), according to which the network inherent
asymmetry was the major contributor for the excessive VU levels (around 2 %)
appearing at some zone substations.
In addition, causes such as unbalanced transformer impedances, open wye - delta
transformers and blown fuses in capacitor banks also can give rise to unbalanced
voltages occasionally [21, 39].
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2.3 VU Emission Allocation and Assessment in Power Sys-
tems
2.3.1 Basic EMC Concepts Related to Voltage Unbalance and its Mea-
surement
In order to limit and suppress the possible adverse effects of network VU, emis-
sion limits are imposed on individual VU contributors based on the capacity of the
installation. As in the case with the emission limits for any other power quality
disturbance, limits are imposed on VU emission of individual contributors based on
the effect that they may cause on the voltage quality.
VU measurement procedure using instruments with Class A1 performance, is
prescribed in IEC 61000-4-30 [40], which is the commonly used standard for the
measurement of power quality disturbances. According to the procedure specified,
fundamental three-phase line-line RMS voltages should be measured over 10-cycle
and 12-cycle intervals for 50 Hz and 60 Hz systems, respectively. A minimum of
one week measurement period is recommended and the values which are aggregated
over standard intervals of 3-seconds, 10-minutes and 2-hours are obtained. As per
[4], VU emission level is defined as the level of voltage unbalance that is emitted by
a system or disturbing installation as a whole, assessed and measured in a specified
manner. The VU levels are quantified based on the IEC definition as specified
in (2.1). However the corresponding VU measurement procedures for Class B2
instruments should be provided by the manufacturers.
In typical power systems, various power quality disturbances can occur concur-
rently, affecting the input signal to the measuring equipment. As a solution, IEC
61000-4-30 specifies limits for the uncertainty for Class A instrument performance
when different disturbances are within specified ranges of variation.
1Precise measurements such as in standard compliance studies
2When the measurements are less precise such as in the case with statistical surveys
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2.3.2 Voltage Quality Concepts
An illustrative representation of different voltage quality concepts considering the
underlying statistical nature of them is presented in Figure 2.2.
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The minimum measurement period is one week with normal business activity. The monitoring 
period should include some part of the period of expected maximum voltage unbalance levels. 
One or more of the following indices may be used to compare the actual unbalance levels with 
the planning levels. More than one index may be needed for planning levels in order to 
assess the impact of higher emission levels allowed for short periods of time such as during 
bursts or start-up conditions. 
− The 95 % weekly value of u2sh (voltage unbalance factor at fundamental frequency over 
"short" 10 min periods) should not exceed the planning level. 
− The greatest 99 % probability daily value of u2vs (voltage unbalance factor at fundamental 
frequency over "very short" 3 s periods) should not exceed the planning level times a 
multiplying factor (for example: 1,25 to 2 times) to be specified by the system operator or 
owner, depending on the characteristics of the system and the very-short term capability 
of the equipment along with their protection devices. 
NOTE 1 For voltage unbalance measurements, the accuracy of the whole measurement chain needs to be 
considered. On MV, HV and EHV systems, potential transformers are often used for metering and protection 
purposes. It is thus important to stress that due to measurement inaccuracies of potential transformers or due to 
unbalanced secondary load-burden, and inaccuracies in other parts of the measurement chain, the overall 
accuracy of the measurement system may be limited especially in the case of voltage unbalance because of the 
large impact on results even from small errors. 
NOTE 2 It is also important to note that in accordance with IEC 61000-4-30, only the fundamental frequency 
positive and negative-sequence components should be used when assessing the voltage unbalance factor 
(harmonics should be extracted as some negative-sequence harmonics can alter the measurement results). 
4.3 Illustration of EMC concepts 
The basic concepts of planning and compatibility levels are illustrated in Figures 1 and 2. 
They are intended to emphasize the most important relationships between the basic variables. 
Within an entire power system, it is inevitable that some level of interference will occur on 
some occasions, hence there is a risk of overlapping between the distributions of disturbance 
levels and immunity levels (see Figure 1 b low). Planning levels for voltage unbalance are 
generally equal to or lower than the compatibility level; they are specified by the operator or 
owner of the system. Immunity test levels are specified by relevant standards or agreed upon 


















Figure 1 – Illustration of basic voltage quality concepts with time/ 
location statistics covering the whole system 
 
Figure 2.2: Illustration of basic voltage quality concepts with time/location statistics
covering the whole system [4]
In order to suppress the associated adverse effects, any power quality disturbance
should be limited to a level which is tolerable by the connected equipment in power
systems. Proper coordination between the immunity level of the connected equip-
ment and network planning levels of different disturbances is the key for effective
suppression of the adverse effects of different power quality disturbances.
Compatibility Level
Compatibility level can be identified as the reference for coordinating the emission
and the immunity of the connected equipment in order to secure EMC of the entire
system. In other words, at the designing stage of the equipment, manufacturers
should ensure that the equipment possesses an immunity at least up to the compati-
bility level and network owners/operators on the other hand should maintain power
quality disturbance levels at or below the planning levels. However, considering the
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stochastic nature of the power quality phenomena, a compatibility level at a selected
network voltage level is based on 95% probability of the entire system, taking the
statistical distributions which represent time and spatial (locational) variations of
the disturbance into account. IEC 61000-2-2 [41] and IEC 61000-2-12 [42] prescribe
a 2% compatibility level for VU for both medium voltage (MV) and low voltage
(LV) networks. In low voltage networks where predominantly single-phase loads are
connected, an excursion up to 3% is allowed. However, for high voltage (HV) and
extra high voltage (EHV) networks compatibility levels are not defined by IEC.
Planning Levels
In order to determine the emission limits, planning levels are generally specified
by system operators as internal power quality objectives. These levels are defined
with the objective of coordinating VU between various voltage levels in order to
ensure that a compatibility level is not exceeded. Consequently, planning levels are
normally equal to or lower than the respective compatibility levels. Accordingly,
IEC 61000-3-13 [4] gives indicative planning levels for MV, HV, EHV networks as
1.8%, 1.4% and 0.8% respectively.
Installation Emission Levels
Emission limits are imposed on major installations such as traction loads in order to
ensure that the overall emission levels are below the system planning levels. Different
countries follow different approaches for determining emission levels, indices and
evaluation methodologies [1]. IEC Technical Report IEC/TR 61000-3-13:2008 [4]
prescribes guiding principles for establishing emission limits for individual customers
based on a VU coordination approach using planning levels. Following section gives
an overview of the IEC guidelines on VU emission allocation.
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2.3.3 IEC Guidelines on Voltage Unbalance Emission Allocation
Emission limits for individual installations are imposed considering the agreed power
of customer, short circuit capacity of the system and network characteristics. It is
to be noted that IEC technical report considers bulk three-phase installations when
specifying the guidelines. The connection of single-phase, dual-phase customers
evenly across the three phases is considered to be the responsibility of the system
operator. The ultimate objective of imposing emission limits for large installations
based on the size of the installation is to maintain the overall system EMC. Ac-
cordingly, three stages of evaluation are defined based on the VA capacity of the
installation.
• Stage 1 - No emission limits will be imposed on small installations which fulfil
the criteria given by (2.4) and these installations can be connected without a





Sui - single-phase power equivalent (line-line or line-neutral equivalent) of the
unbalanced installation i
Ssc - three-phase short-circuit power at the point of evaluation (POE)
• Stage 2 - if an installation does not satisfy the level specified in Stage 1, a
detailed evaluation of the corresponding emission is required. The individual
emission limits are determined by apportioning the allowable global distur-
bance emission to the individual installations based on the share of the total
capacity of the supply system. Specific details are included in the Section
2.3.4.
• Stage 3 - large installations which do not comply with the Stage 2 emission
limits can still be accepted conditionally under some provisions. Such situa-
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tions can occur in situations where all unbalanced installations never operate
simultaneously.
The evaluation approach specified under Stage 2 is the detialed VU emission
methodology [4] on which a detailed discussion is given in the section below.
2.3.4 Allocation of VU Emission Limits for Individual Installations
In principle, VU emission allocation procedure is similar to that of the counterpart
IEC harmonic [43] and flicker [44] allocation methods. However, due to the fact
that unlike in flicker and harmonics, network asymmetry itself can contribute to the
overall network VU, total emission absorption capacity of the system needs to be
systematically apportioned between individual installations and network inherent
asymmetry as well. The general principle of this allocation procedure is that when
a system is operated at its designed capacity while all the individual installations
inject their respective limits, the corresponding resultant emission at any point of
the network including the emission resulting from the network inherent asymmetry
should be at or below the set planning level. Consequently, in order to coordinate
different emission sources considering the random vectorial behaviour of individual
emissions, the general summation law is used in the technical report, while a VU
transfer coefficient is used to coordinate the VU between different voltage levels.
In addition, in order to apportion the total global emission to network inherent
asymmetry, a factor, kuE is introduced. Brief descriptions on the aforementioned
practices are given below, before moving into the derivation of the emission limits.
General Summation Law
As V UF is defined as the ratio of negative to positive sequence voltage phasors/
vectors at a given location, in order to obtain the total emission due to several sources
at a POE, the corresponding vectorial behaviour of individual emissions needs to
be taken into account. Considering the dynamic nature of the power system and
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stochastic nature of the emission vectors, in order to obtain the resultant emission






u - resultant VUF (magnitude) of all the unbalance sources under consideration
ui - magnitudes of VU emission levels of individual sources
α - summation law exponent
IEC/ TR 61000-3-13 gives an indicative value of 1.4 for the summation law expo-
nent, considering 95% of non-exceeding probability and taking the random variations
of the phase and the magnitude of individual VU levels into account. An interme-
diate coeffienct is introduced to the conventional general summation law in [14] in
order to account for the significance of the individual contributors using the recent
developments in VU emission assessment in radial [10] an interconnected networks
[11].
A Brief Overview of VU Transfer Coefficient
VU appearing at a certain location is essentially the cumulative effect of the load
asymmetry, network inherent asymmetry and the propagated VU from the upstream
network. Consequently to account for the VU that propagate from the upstream to
a downstream busbar, a VU transfer coefficient is defined in IEC/ TR 61000-3-13 [4]
as given in (2.6). In this section, a discussion of VU transfer coefficient is included
for brevity. A comprehensive analysis of the same in terms of VU attenuation is






where Tus−i is the VU transfer coefficient which represents VU propagation from an
upstream system (us) to the ith downstream system, ui and uus are VU factors in
ith system and upstream system respectively.
The system characteristics, simulations or measurements can be used to deter-
mine the transfer coefficient as IEC technical report recommends. In addition, it
also provides an approximation which can be used as a conservative guide to deter-
mine the VU transfer coefficient from MV (upstream) to LV (downstream) (TuML)
of which the details are given in the Section 2.4.
kuE Factor
kuE factor is defined in IEC/TR 61000-3-13, in order to represent the fraction of
global emission allowance that can be actually apportioned to unbalanced installa-
tions. In reverse, ‘1-kuE’ portion (otherwise termed as ‘k′uE’) of the total emission
allowance is allocated for VU that arises due to network inherent asymmetry. How-
ever, the technical report does not provide any systematic approach to evaluate
these factors except for the indicative values given in Table 2.1 and recommends
system operators to determine kuE and k′uE factors for their specific networks taking
the prevailing line construction practices and system characteristics into account.
In line with that, [1, 45] presents an extended definition for kuE in terms of
current unbalance factor (CUF ), utilising the general summation law exponent while
separating the sources of unbalance.
Development of Individual Emission Limits
This subsection explains the development of Stage 2 individual emission limits as
specified in IEC/TR 61000-3-13, utilising the key concepts explained previously. In
order to illustrate the emission allocation approach, Fig. 2.3 which demonstrates a
typical MV-LV system with a total load St made up of both local MV loads (SMV)
and LV loads (SLV) can be used. The major steps can be listed as follows:
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Table 2.1: Indicative kuE values for systems with different characteristics [4]
System characteristics kuE factor
Highly meshed system with generation locally connected near
load centres.
Transmission lines fully transposed, otherwise lines are very
short (few km).
0.8-0.9
Distribution systems supplying high density load area with
short lines or cables and meshed systems.
Mix of meshed system with some radial lines either fully or
partly transposed. Mix of local and remote generation with
some long lines.
0.6-0.8
Distribution systems supplying a mix of high density and sub-
urban area with relatively short lines (<10 km).
Long transmission lines generally transposed, generation
mostly remote.
Generally radial sub-transmission lines partly transposed or
untransposed.
0.5-0.6
Distribution systems supplying a mix of medium and low den-
sity load area with relatively long lines (>20 km).
3-phase motors account for only a small part of the peak load
(e.g. 10%).
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8.2 Stage 2: emission limits relative to actual system characteristics 
Considering the actual absorption capacity of the system, due to the transfer factor and phase 
differences f the unbalanced currents as well as the system impedance and future load, 
higher emission li its than those according to stag  1 may be granted. 
In this stage, the allowable global contribution to the overall level of disturbance is 
apportioned to each individual installation in accorda ce with its share of the total capacity of 
the supply system (St) to which this installation is connected. This ensures that the 
disturbance level due to the emissions of all custom rs co nected to the system will not result 
in voltage unbalance level that exceeds the planning level. The approach is based on the 
general summation law. 
8.2.1 Global emission to be shared between the sources of unbalance 
Consider a typical MV system as illustrated in Figure 4, which can supply a total load (St) 
made up of both local MV loads (SMV) and LV loads (SLV). The aim is to set emission limits at 
MV. 
 
Figure 4 – Example of a system for sharing global contribution at MV 
Firstly an application of the summation law (equation 1) is necessary to determine the 
acceptable global contribution of all unbalance sources present in a particular MV system. 
Indeed, the actual voltage unbalance in a MV system results from the vector summation of the 
voltage unbalance coming from the upstream system (note that upstream system may be a 
HV or another MV system for which intermediate planning levels have been set before) and 
due to unbalanced installations connected to the considered system at MV and LV. This total 
voltage unbalance should not exceed the planning level of the MV system given by 
 
( )α αuUSuUMα LVuMVuMV LTGL ⋅+= +  (3) 
And by algebraic manipulation, equation (3’) gives the global contribution to voltage 
unbalance that can be allocated to the MV system inherent asymmetries, as well as to the 
total of MV and LV unbalanced installations that can be supplied from the considered MV 
busbar: 













Figure 2.3: Illustration of the Global VU emission at a MV busbar adapted from [4]
• The resultant of the VU emission levels that propagate from the upstream
(TuUMLuUS) and he total of the emission levels of the unbalanced installations
connected at MV and LV systems (global emission allowance for the particular
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system GuMV+LV) should not exceed the planning level of the MV system.
The corresponding relationship can be written as (2.7) utilising the general





where LuMV and LuUS are the planning VUF levels of the system under assess-
ment and the upstream system respectively, α is the summation law exponent
and TuUM is the VU transfer coefficient from upstream to the downstream
system.
• By rearranging the terms, the global emission allowance for the MV system







• kuE factor can be used to determine the portion of the global emission (GuMV+LV)
which only corresponds to the total emission caused only by unbalanced in-
stallations.
• Finally, the individual customer emission limits (Eui) are determined based on
the ratio between the agreed power (Si for the installation i) and the total










Although it is straightforward to work out the total available power of the system
(St) in the case of a MV system, it is much more difficult to determine it for HV and
EHV systems which are often meshed. Consequently, IEC /TR 61000-3-13 suggests
two approximations that can be used to determine St depending on the nature of the
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unbalanced sources present in the network. The first and the simplest approximation
for St is that considering it to be the sum of all the power flows leaving the considered
busbar for which the emission limits are to be allocated in the foreseeable future.
Alternatively, for networks which include important unbalanced installations in the
near vicinity of the considered busbar, it is suggested in the second approximation
to scale the corresponding power flows using influence coefficients to give different
weights as given in (2.10).
Ss:x−total = k1−xSs:1 + k2−xSs:2 + ...+ Ss:x + ...+ ki−xSs:i + ...+ kn−xSs:n (2.10)
where,
Ss:x−total - total power of the entire sub-system as seen at the busbar x
Ss:i - power to be supplied by a busbar i, where i = 1, 2, 3..., n, i 6= x
ki−x - VU influence coefficient between the two busbars i and x.
2.3.5 An Overview of VU Emission Assessment
VU emission assessment focuses on attributing the responsibility of VU level at
a POE to the network and customer contributions and determining the individ-
ual emission levels. Accordingly, CIGRE/CIRED C4.109 report [5] on emission















Figure 2.4: Pre and post-connection stages of an unbalanced load at the POE [5]
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Based on the Fig. 2.4, the voltages at the POE in sequence domain can be written
as a function of the sequence currents drawn by the installation under evaluation






























 is the open circuit voltage vector in sequence domain at the POE
Considering the fact that, Z20,t is comparatively small and I0 = 0 in networks
where the zero sequence current is blocked by the intermediate transformers, a sim-
plified relationship for the post-connection negative sequence voltage can be obtained
as shown in (2.12).
U2 = U2,oc − (Z21,tI1 + Z22,tI2) = U2,oc + U2,i (2.12)
where U2 is the resultant VU emission from the connection of installation which
consists of asymmetrical line and unbalanced load (U2,post−connection). U2,oc which is
the open circuit voltage can be obtained from the pre-connection unbalance mea-
surement (U2,pre−connection). Z21,t of (2.12) corresponds to network asymmetry and
the corresponding Z21,tI1 can be identified as the VU that arises due to line asym-
metry (U2,i−line). Similarly, I2 of (2.12) corresponds to the negative sequence current
drawn by the unbalanced load, Z22,tI2 can be assumed to represent VU that arises








Figure 2.5: Vectorial representation of negative sequence voltages at the POE
Consequently, connection of an installation can lead to increase or decrease of
the total emission at POE, depending on the phase angles associated with each of
the components. If the resultant emission level decreases as a result of connection
of an installation, no emission assessment has to be carried out. However, if the
connection of an installation leads to an increase in the resultant emission level at
POE, a detailed emission assessment has to be carried out to determine the actual
contribution of the load unbalance to the increase in the VU emission level. VU
emission vector (U2,i) of an installation can be determined using the pre-connection
and post-connection negative sequence voltage vectors as given in (2.13). In the ab-
sence of phase angle information of individual emission vectors, general summation
law can be used as directed in [4] and the corresponding relationship for U2,i is given
in (2.14).
|U2,i| = |U2,post−connection − U2,pre−connection| (2.13)




In order to determine the actual contribution of the unbalanced installation
to U2,i, kuE factor can be utilised [4]. However, in this approach the background
unbalance which also can affect the VU level that appear at POE is assumed to
be negligible. Complementing the IEC work, [10] presents a systematic and more
accurate methodology to attribute the responsibility of VU emissions to loads lines,
upstream network and background unbalance in a radial network. An extension to
the same concept to interconnected network is presented in [11]. A thorough and
systematic analysis on VU emission assessment and attributing the responsibilities
of the total emission at a POE to individual contributors is given in [14]. Application
of the aforementioned assessment techniques with respect to a practical 66 kV sub-
transmission network, in order to determine the VU sources and their rankings were
discussed in [46].
2.4 VU Transfer Coefficient and VU Attenuation Due to Three-
phase Induction Motors
IEC/TR 61000-3-13 defines a VU transfer coefficient in order to take the propagated
VU from the upstream network to the busbar under consideration into account [4],
as briefly explained in the Section 2.3.4. The technical report [4] also suggests an








where km is the ratio between the rated motor load (in MVA) and the total load
(in MVA) connected at the LV busbar; ks is the ratio between positive and negative
sequence impedances of the motor load supplied by the LV busbar; ksc is the ratio
of short circuit power to total load (in MVA) connected at the LV busbar.
According to (2.15), in the absence of three-phase induction motor loads at down-
stream, TuML = 1 indicates that there will not be any attenuation or amplification
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of the propagated VU from the upstream. However, with the increasing percent-
age of induction motor loads TuML decreases, hence VU attenuation increases, as
illustrated in Fig. 2.6.
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ks - ratio between the positive and negative (which is inductive) sequence impedances
of the aggregated motor load supplied by the LV system48
ksc−lv - ratio between the short-circuit capacity (in MVA) at the LV busbar and the
total load (in MVA) supplied by the LV system
Equation (2.17) indicates a value less than unity for Tmv−lv in the presence of indus-
trial load bases containing large proportions of mains connected three-phase induction
motors, and a unity transfer coefficient in relation to passive loads49 in general. That
is, motor loads help attenuating voltage unbalance as it propagates from higher volt-
age to lower voltage systems, whereas there is no attenuation or amplification in the
presence of passive loads. Fig. 2.8 illustrates the variation of Tmv−lv with km de-
rived using (2.17) for various combinations of ks and ksc−lv values demonstrating that
Tmv−lv can be as small as 0.6. This attenuation has also been seen from measure-
ments taken by the CIGRE/CIRED Joint Working Group C4.103 [74] at a remote













ks = 5, ksc-lv = 20
ks = 5, ksc-lv = 10
ks = 5, ksc-lv = 5
ks = 7, ksc-lv = 20
ks = 7, ksc-lv = 10
Figure 2.8: Variation of Tmv−lv with km established using (2.17) for various combina-
tions of ks and ksc−lv values
48Typically, ks can be in the range of 5 to 7.
49e.g. constant current, constant impedance, constant power loads.
Figure 2.6: Variation voltage unbalance transfer coefficient (TuML) with km estab-
lished using (2.15) for various combinations of ks and ksc
A practical demonstration of the VU attenuation effect of three-phase induction
motors is presented in the CIGRE/CIRED Joint Working Group C4.103 report [6]
of which the VU emission levels are measured at a remote mine site which contains
large proportions of induction motor loads. Summary of the results is extracted from
the above report and presented in Fig. 2.7, according to which VU attenuation effect
of mains connected three-phase induction motors is quite apparent.
In [47], VU transfer coefficients have been developed for radial and interconnected
networks based on the findings of the emission assessment studies presented in [10,
11]. Instead of considering all passive loads in a generalised manner as in the IEC
technical report, [1, 48] have introduced more accurate formulations for MV-LV
and MV-HV transfer coefficients, separately considering the percentage of constant
power, constant current and constant impedance loads in networks as shown in
(2.16) and (2.17).
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Figure 2.7: Practical demonstration of the VU attenuation effect of three-phase
induction motors at a remote mine site [6]
TMV−LV ≈
∣∣∣1 + j 1ksc−lv∠θpf ∣∣∣[
1 + kmks
ksc−lv
] ∣∣∣1 + j kzksc−lv∠θpf :z∣∣∣ ∣∣∣1 + j kpqksc−lv∠θpf :pq∣∣∣β (2.16)
THV−MV ≈









]] ∣∣∣1 + j kzmvksc−mv∠θpf :zmv∣∣∣ ∣∣∣1 + j kpqmvksc−mv∠θpf :pqmv∣∣∣β
(2.17)
where;
kpq, kz- ratio between constant power and constant impedance loads (in MVA) to
the total load (in MVA) connected to the LV busbar respectively
θpf :pq, θpf :z, θpf - power factor angles of the constant power loads, constant impedance
loads and the total load supplied by the LV system respectively
km- ratio between the motor load (in MVA) and the total load (in MVA) supplied
by the LV system
ks- ratio between positive to negative sequence impedances of the motor load sup-
plied by the LV system (in general, 5 < ks < 7)
β ≈ −1 and −2 for low (≈ 0.9) and high (≈ 1) lagging pf conditions respectively
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ksc−lv- ratio between the LV short circuit level (in MVA) to the total load (in MVA)
supplied by the LV system, 10 < ksc−lv < 25 and 5 < kmv−lv < 15 for practical
systems
ksc−lvagg - ratio between the short-circuit capacity (in MVA) at the LV busbar (ag-
gregation of all LV busbars supplied by the MV busbar under evaluation), and the
total load (in MVA) supplied by the LV system.
Similar to the conventional IEC VU transfer coefficient, (2.16) and (2.17) also
suggest that whenever induction motor loads are present at downstream, VU transfer
coefficient is < 1. In addition, the new formulation suggests that, depending on the
passive load composition, the transfer coefficient can be > 1. In addition, (2.16)
and (2.17), separately evaluate the VU propagation form HV to MV and MV to LV,
according to which the attenuation effect is always more significant in HV to MV
propagation than in MV to LV propagation. Although the new formulation gives
a better insight to the VU propagation under different load compositions, it is too
complex to be used in practical applications. Besides, the results obtained through
the detailed analysis are found to be in close agreement with the conventional IEC
transfer coefficient [4] given in (2.15) which is much more convenient to use.
The specific nature of induction motors which help attenuate network VU is their
lower negative sequence impedance compared to the positive sequence impedance.
As a result, an induction motor generally provides a smaller negative sequence
impedance path for negative sequence current to flow, than a passive load of the
same capacity as the induction motor. Consequently, with the increasing difference
between the two sequence impedances, the corresponding attenuation effect is seen
to be more significant as can be seen in the Fig. 2.6. However, in turn, induction
motors can draw disproportionately large negative sequence currents in the presence
of small supply VU which can affect their performance and the life time, as explained
in Section 2.2.2. In [49], variation of change in the sequence impedances of a three-
phase induction motor with the slip is presented along with the corresponding VU
attenuation caused by a motor load for different sequence impedances.
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Although, the technical report [4] only discusses the presence of three-phase in-
duction motors at the downstream and the corresponding attenuation effect, it is
to be questioned whether the induction motors are the only equipment which help
attenuate network wide VU. Generally speaking, any network connected equipment
which possess the same sequence domain characteristics as three-phase induction
motors (i.e. smaller negative sequence impedance compared to positive sequence
impedance) should be helpful in attenuating network wide VU. Specially, with the
transformation of traditional passive networks into active networks, the conventional
VU transfer coefficients need to be revisited. However research which investigates
such aspects especially to evaluate the reshaping of the network wide VU by equip-
ment such as three-phase distributed generators, distribution level power quality
conditioning equipment, modern reactive power supporting equipment cannot be
found in the literature. Systematic detailed studies in that regard would be ben-
eficial not only for understanding the VU phenomenon in the context of modern
networks, but also will be valuable inputs for evaluating the associated impacts of
VU on modern network equipment.
2.5 Mitigation of Voltage Unbalance
Due to the associated adverse impacts, network operators are now being increasingly
motivated to maintain their networks balanced as much as possible. While the net-
work operators should make sure that they take necessary steps at the planning and
operation stages to maintain EMC of their networks three-phase bulk customers are
obligated to operate the loads ensuring the individual VU emissions are within the
stipulated limits. Consequently, maintaining the overall network EMC is essentially
a result of a collective effort. Accordingly, both VU management and the mitigation
techniques can be applied in a large scale at the utility level and relatively small
scale at bulk customer level as well [21]. VU management and mitigation techniques
in general can be categorised into two broad areas based on the approach they follow
to mitigate the network VU. The two distinct approaches are suppression of the VU
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sources and active VU mitigation through appropriate power electronic interfaces.
2.5.1 Mitigation of VU by Suppression of Sources
The load unbalance, network asymmetry and the upstream unbalance generally
contribute to the resultant VU that may appear at various locations of a network.
Therefore, suppression of the corresponding VU causing sources subjected to the
utilisation of the maximum VU absorption capability of the system is a key feature
in VU management. Consequently, compliance assessment of network VU levels is an
integral part of the VU management process. Evaluation of individual contributions
made by simultaneously existing VU sources is critical employing the available net-
work measurements. Although some systematic approaches are presented in [10, 11],
there still exists a need for such methodologies which can utilise advanced system
monitoring capabilities.
Assigning the loads to the three individual phases in an approximately balanced
manner is a practice of both network operators and three-phase bulk consumers
which help suppress the VU due to load unbalance. In accordance with that, the
emission limits for large unbalanced installations which do not meet the requirement
specified in (2.4) are stipulated by IEC/TR61000-3-13 [4] in order to ensure that
consumers cooperate with the network VU management exercise.
However, the inherently intermittent nature of loads make it rather challenging
for network operators to ensure that the loads are distributed in a balanced manner
at all times. In [50], a reconfiguration algorithm is proposed to work with time vary-
ing loads which can be exploited in this balancing problem. Furthermore, automatic
feeder reconfiguration techniques using load estimation algorithms to transfer loads
between the phases also can be utilised to facilitate the same [51, 52]. However, due
to the fact that effects of automatic reconfiguration come in discrete steps, it is not
capable in balancing the system dynamically.
Similar to the assigning of loads to the phases in a balanced manner, network
operators always pay attention to ensure that the single-phase distributed gener-
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ators are assigned to the three phases in an approximately equal manner. With
the increased penetration of single-phase solar inverters, emerging interest in the
research communities in the subject area on the associated effects of single-phase
distributed generation on network VU can be seen [53]. On the contrary, single-
phase distributed generators can be used to reduce the VU levels by incorporating
the VU measurements as inputs to the droop control to boost the voltage in the
individual phases of which the voltages tend to be lower than the average. In line
with that, [54] proposes a methodology in which a combined MV and LV network
voltage regulation strategy is used for VU reduction.
Network asymmetry itself contributes to VU and can be very significant at times
specially with predominantly long and radial lines with little or no transposition
as detailed in Section 2.2.2. As a conservative guide, IEC/TR 61000-3-13 appor-
tions the global emission to network asymmetry in terms of a (1 − kue) factor [4].
Consequently, at the designing and commissioning stages of transmission lines, all
efforts are normally applied to ensure the complete transposition. However, ideal
transposition can rarely be achieved due to geographical and economical constraints
[38]. Consequently, the application of more appropriate design options in terms of
tower configuration [36] and phase positioning/swapping at transposition points of
multi-circuit lines are recommended [55, 56]. Incorporating power flow constraints
on troublesome lines, and enforcing them in real time operation could also be a solu-
tion to a certain extent as will be explained in Chapter 4. In order to limit the power
flow in certain lines forcibly, series compensators can be used appropriately to arti-
ficially increase the line impedance thereby controlling the power flow. In addition,
localised reactive power support systems such as static var compensators (SVC) [57]
can be used to avoid reactive power being transmitted through long untransposed
lines, thereby limiting the current flow in problematic lines, to acceptable levels. In
addition, automatic feeder reconfiguration techniques can be of help if the VU levels
and the corresponding lines flows in untransposed lines are fed into the underlying
control algorithms as inputs.
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2.5.2 Active Mitigation of Excessive VU Levels
Suppressing the VU sources in order to manage network VU may not always be
possible due to several reasons. Further, the intermittent nature of the loads and
the distributed generators make the load unbalance suppression increasingly chal-
lenging. Controlling the single-phase distributed generators to boost the voltages
of the phases with voltages less than the average may lead to other issues such as
network wide voltage rise. In addition, restricted power factor capability of solar
inverters may be a limitation as well.
Similarly, the suppression of VU due to network asymmetry may be equally
challenging at times. Some lines are constructed in the first place partially or fully
untransposed governed by the economic constraints and practical limitations pre-
vailing at that time. Application of power flow constraints could be wasteful which
may not be justifiable compared to the underlying advantage gained by reduction
of network VU.
In situations where the VU management at planning and operation levels alone
cannot limit the VU to stipulated levels, active mitigation techniques can be im-
plemented at appropriate locations [8, 57, 58, 59]. The static compensatros which
are configured for unbalance abatement, in theory possess the same characteristics
in sequence domain and aim at reactive power injection or absorption in the three
phases independently [58, 60]. Depending on the fact that the power electronic
compensator is a series or shunt device, the corresponding reactive power injection
can be achived by injecting a negative sequence voltage [8, 58] or a current [61]
respectively. For instance, a modified voltage controlled source strategy is proposed
in [8] to be employed with a series compensator to control the three independently
controllable sources to mitigate network VU. The principle behind active VU miti-
gation can be identified in another perspective as an introduction to relatively a low
impedance path for negative sequence current to flow thereby reducing the network
wide VU. Consequently, regardless of the network conditions and intermittent na-
ture of loads, such mitigation techniques continue to reduce the network VU, once
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the devices are connected. In addition, devices which are designed to compensate
various power quality disturbances simultaneously such as unified power quality con-
ditioners [62, 63] and hybrid passive and active filters [64] can be employed for active
VU mitigation as well.
Active VU mitigation which takes place as the result of an introduction of a
low negative sequence impedance path to the network can be intentional or even
unintentional in certain occasions. For instance, it is intentional in the case where
STATCOMs are installed in the state of Queensland, Australia to mitigate exces-
sive VU levels which are caused by high power electric traction systems [65]. In
contrast, STATCOMs which are installed for reactive power support can also help
reduce pre-existing network VU levels as an additional functionality. However, if
the STATCOM is not designed for mitigation of VU, there is a likelihood that it
may be affected by the large negative sequence current flowing into it.
Other than the power quality conditioning equipment and reactive power sup-
porting active devices, there are some end consumer equipment too which can help
attenuate network VU. Induction motors are one such passive piece of equipment
which help to reduce the network VU levels. Similar to the power quality con-
ditioning equipment which are configured for VU mitigation, an induction motor
inherently possesses relatively smaller negative sequence impedance, thereby pro-
viding a lower impedance path for negative sequence current to flow than a passive
load of similar capacity, as explained in in Section 2.4. However, in turn, induction
motors would be thermally and mechanically stressed leading to premature failure
in the long run.
In addition, configuration of three-phase inverters of distributed generators to
provide power quality improvement features as an ancillary service has become a
novel tendency [66]. Particularly, in [15, 67] control strategies for three-phase dis-
tributed generators to reduce pre-existing network VU are discussed. Further spe-
cific details related to configuration of three-phase distributed generators for VU
abatement is given in Section 2.6.2.
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2.6 Voltage Unbalance in Active Distribution Networks
2.6.1 Distribution System State Estimation to Assess Network VU
Power system state estimation, in general, is the process of determining the state of
the network based on known system parameters, snapshot measurements and pseudo
measurements. With the developments in infrastructure at distribution level and
increased interest of network operators to monitor distribution network with finer
details, power system state estimation is seen to have migrated to distribution level.
The factors which make Distribution System State Estimation (DSSE) distinctly
different to the conventional power system state estimation include, conductors with
high r/x ratio, radial nature of distribution networks, distributed loads separated
by short distances, paucity of feeder measurements, unbalanced network conditions
due to untransposed phase conductors and single-phase and two-phase loads etc [68].
In accordance with that, [69] presents how state estimation results can be affected
by the network and load asymmetries, and highlights the importance of the use
of adequate three-phase models. Specific details of distribution network and load
modelling which can be used as the basis for comprehensive techniques are covered
in [70].
Consequently, a comprehensive DSSE which uses adequate three-phase network
and measurement models provides details related to the level, location and the
impact of network VU [71]. In order to facilitate the estimation of network VU,
[7] proposes a statistical approach utilising DSSE techniques. Measuring techniques
which ensure adequate capturing of unbalanced information is equally important,
especially with distorted waveforms due to harmonics. This has been addressed in
[72] using neural networks, while in [73], a fast detection algorithm for voltage and
phase unbalance is proposed for application in real time. An interesting concept
of facilitating centralised identification of network VU using synchrophasor data
is introduced in [74], in which two approaches are presented, based on minimum
description length criterion and compressive sensing technique.
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Whenever the input measurement data at a load busbar is not available in real-
time or when the data is not synchronised, the respective data should be introduced
to an estimator in the form of a load model to account for the voltage dependency
of the load. The simplest representation of a load as commonly found in literature is
the use of constant power load model [7]. The other commonly used models include
polynomial, exponential and composite models [75, 76]. However, presently available
load models are not comprehensive enough to represent the behaviour of three-phase
IMs which are directly connected to the power system. Although, it is stated in [7]
that detailed modelling can be used in order to represent loads including IMs, it
does not provide relevant details. Three-phase IMs behave in a peculiar way under
unbalanced conditions helping to attenuate existing VU as explained in Section 2.4,
that can be evaluated and/or quantified in the sequence domain more conveniently
[49]. Consequently, incorporation of the effect of the presence of three-phase IMs
into practical DSSE implementation is not a straightforward task and requires an
appropriate approach which brings the sequence domain quantification of the IMs
into phase domain solutions. Therefore, the room for improvement for the existing
DSSE techniques with the synergy of the knowledge on VU emission allocation and
management principles is evident.
2.6.2 Increased Penetration Levels of Distributed Generation and Net-
work VU
With the transformation of once passive HV, MV and LV transmission and distri-
bution networks into active networks, the associated complications to maintain ac-
ceptable power quality despite the intermittent nature of the distributed generation
has become more challenging than ever. The key impacts of increased penetration
levels of single phase solar inverters in LV distribution networks are found to be
network VU and voltage rise [77]. In order to improve the performance of a real
unbalanced network, [78] suggests a comprehensive control strategy for PV control
utilising multi-objective optimum power flow techniques. On the contrary, single-
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phase distributed generators can be used to reduce the VU levels by incorporating
VU measurements as inputs to the droop control to boost the voltage in the indi-
vidual phases of which the voltages tend to be lower than the average. In line with
that, [54] proposes a methodology in which a combined MV and LV network voltage
regulation strategy is used for VU reduction.
Among the adverse effects of network VU detailed in Section 2.2.2, effects related
to double frequency power oscillations at the output of power electronic converters
due to the presence of terminal VU was discussed. This is particularly undesirable
as it can lead to nuisance over current tripping and degraded stability of power sys-
tems [15]. On the other hand, three-phase inverters should be operable analogous
to STATCOMs configured for VU abatement in order to provide unbalance mitiga-
tion as an auxiliary service. Consequently, power electronic interfaced three-phase
distributed generators can be studied in three groups in terms of the control strate-
gies employed in them. Strategy in the first group aims at protecting the converter
from the potential adverse effects of supply VU by cancelling out the output power
oscillations [79, 80]. Consequently, the positive and negative sequence active and
reactive powers cannot be controlled in these converters. In the second group in
contrast, control strategies focus on adjustable VU compensation via appropriate
control of positive and negative sequence active and reactive powers [66, 67]. As a
third group, in [15], a novel control strategy is proposed by combining the attributes
of the first and the second groups allowing adjustable VU compensation subjected
to minimisation of active power oscillations.
With the increased penetration levels of three-phase distributed generation, re-
search which aim at developing integration methods of distributed generators into
the power flow analysis can be seen. In [81], models for three-phase distributed gen-
erators are developed in sequence domain in order to incorporate them into the three
phase power flow analysis. A distribution system state estimation technique is pro-
posed in [82], utilising multi-agent based techniques which can be employed in active
distribution networks. A detailed overview is presented in [71] on how the complex
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interactions of distribution networks due to recent technological advancements are
reshaping the conventional state estimation techniques.
2.7 Chapter Summary
This chapter has provided a general overview of network VU including definitions,
sources, effects, basic EMC concepts, mitigation techniques and the impact of recent
advancements in distribution networks towards unbalance.
Establishing the background information relevant to the remaining chapters,
attenuation aspects of network VU in the presence of three-phase induction motors
was discussed. The overview of different VU mitigation techniques including active
unbalance mitigation, provides the readers with a clear passage towards the findings
presented in this thesis.
Recent advancements of distribution networks transforming once passive net-
works into active control, demand appropriate reshaping of the conventional prac-
tices related to network VU management. Consequently, one of the main objectives
of this thesis is to contribute towards the appropriate upgrades. Thus the discus-
sion provided in this chapter related to corresponding technological advancements
essentially gives a good preface to the work presented in the rest of the thesis.
In summary, this chapter presented the foundation knowledge that already exists
related to VU. However, it can be noted that the existing knowledge has a gap in
relation to the understanding of network wide issues of VU and propagation aspects.
In addition, the current practices lack the provision for recent advancements in MV
distribution networks which are the key areas of work undertaken in this thesis
Chapter 3
Sequence Domain Network Solution
of an Unbalanced Network
3.1 Introduction
As emphasised in Chapter 2, determination of network wide impact of an unbalanced
source connected to a selected busbar in a network is an essential part in both VU
emission assessment and effective management. Although there has been research
which focused on the development of VU transfer coefficients to determine network
wide effect of different sources [48], a universal approach to accommodate a wide
range of VU sources including network asymmetry and other sources of unbalance,
has not been developed so far. Addressing this shortfall, this chapter presents a
universal approach which can be used for establishing the sensitivity of network
wide VU levels to different unbalanced sources.
VUF being an index defined in the sequence domain, a network solution which
is developed in the same domain would be appropriate in determining the network
wide effect of various sources. Consequently, this chapter presents a sequence domain
network solution for unbalanced networks. The developed solution consists of three
matrices which decompose: (a) the effect of the admittances of the balanced network
elements (b) unbalanced terms which give rise to network wide VU levels and (c)
the positive sequence solution. As a result, the solution gives a clear overview of the
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network wide VU levels and the underlying causes for that. The sequence domain
network solution developed in this chapter can be seen as the underlying foundation
of the contributions made in this thesis. This chapter presents how to employ the
developed solution to determine the network wide effect of unbalanced installations.
3.2 Modelling of a Three Phase Unbalanced Network
In order to represent the whole network in the sequence domain, generalised models
for individual components (loads, lines and the rest of the network components)
need to be developed. When an unbalanced installation is connected at the point of
evaluation (POE), the resulting sequence domain voltages can be represented as a
function of sequence currents drawn by the load itself and its sequence impedances
















where, V0,POE, V1,POE and V2,POE are the sequence domain voltages (zero, positive
and negative sequence respectively) at the POE, and are represented as the summa-
tion of the products of sequence domain impedances of the load and the sequence
domain load currents. Consequently, I0L, I1L and I2L are the zero, positive and neg-
ative sequence load currents. ZijL, (i, j ∈ (0, 1, 2)) are the elements of the sequence
domain impedance matrix of the load. From (3.1), the positive sequence voltage at
the POE can be extracted as;
V1,POE = Z10LI0L + Z11LI1L + Z12LI2L (3.2)
Considering, MV, HV and EHV networks, it can be assumed that the flow of zero
sequence currents is restricted by the network design and operation itself [4], hence
are ignored. Also, since |Z12LI2L| is negligible compared to |Z11LI1L|, (3.2) can be
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approximated to;
V1,POE ≈ Z11LI1L (3.3)
and hence the positive sequence network can be independently solved using balanced
load flow studies.
However, in order to determine the negative sequence network solution of the
network, corresponding sequence domain models need to be developed referring to
the constituent components: unbalanced loads, untransposed lines and upstream
unbalanced network.
3.2.1 Unbalanced Loads
The negative sequence voltage at the POE of an unbalanced load can be extracted
from (3.1) and simplified to (3.4), ignoring the zero sequence currents.
V2,POE = Z21LI1L + Z22LI2L (3.4)
An electrical equivalent circuit depicting (3.4) is shown in Fig. 3.1(a). It is to
be noted that Z22L and Z21L can vary with the terminal voltage depending on the
load type. In the proposed load model, the voltage source represents the possible
disturbance caused by the load unbalance itself where Z21L indicates the level of
unbalance of the load. For instance, for a perfectly symmetrical three-phase load;
Z21L = 0, indicates that there will not be any inherent load unbalance. Disturbing
negative sequence currents that arise due to other unbalanced sources will still flow
through Z22L of the balanced load, resulting a negative sequence voltage at the load
terminals.
3.2.2 Untransposed lines
Referring to the negative sequence line model in Figure 3.1(b), the negative sequence








Figure 3.1: Negative sequence model for (a) loads (b) lines (c) upstream network
∆V2,xy = Z21t.I1xy + Z22t.I2xy (3.5)
where, ∆V2,xy is the negative sequence voltage drop of the line, I1xy and I2xy are
positive and negative sequence currents flowing through the line and Z21t and Z22t
are the sequence domain negative-positive and negative-negative impedances of the
line, respectively.
3.2.3 Upstream Network Unbalance
Upstream network is modelled using the Thevenin equivalent circuit, assuming that
the generators are inherently balanced. Therefore, the upstream unbalance in fact
arises as a result of the combined effect of unbalanced loads and asymmetrical lines.
Hence, the effect of the upstream unbalance can be represented using a lumped
model as shown in Fig. 3.1(c) which in fact is similar to the model which represents
the loads (Fig. 3.1(a)).
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3.3 Solution for the Negative Sequence Network Model Using
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Figure 3.2: Negative sequence model for a part of an unbalanced network
Fig. 3.2 shows a generalised negative sequence model of an unbalanced network
which combines a load, line and an unbalanced source. Using nodal analysis, the
negative sequence current flowing out from busbar i (I2,i) can be determined as given
in (3.6).
I2,i =










where, V2,i and V2,j are the negative sequence voltages at busbars i and j and I2,i
and I2,j are the negative current flowing out from the busbar i and j, respectively.











Substituting (3.7) and (3.8) in (3.6) and also considering the fact that Z22t = Z11t





















By induction, a relationship valid for the entire network can be derived in a matrix
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In (3.10), [V1] and [V2] are the positive and negative sequence voltages respectively at
busbars. [Y++] is the matrix which only includes the positive sequence admittances
extracted from the sequence domain admittance matrix of the network. Rearranging
the terms in (3.10);
[Y ′++].[V2] = [B].[V1] (3.11)
where,







For passive loads, in general Z11L,i = Z22L,i. Therefore, for predominately passive
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If there is a location in the study network at which the unbalance is known to
be zero under any conditions (generator busbars or lumped upstream network), the
corresponding node will affect (3.11) essentially in two ways;
• The corresponding nodes will act as a sinks for all unbalanced currents in-
troducing very low negative sequence impedance paths (ie. the corresponding
diagonal element of [Y ′++] will be very large).
• The elements of the vector [V2] corresponding to those nodes will be zero.
In order to prevent matrix equation (3.11) being ill-conditioned, the rows and the
columns corresponding to the voltage controlled busbars must be removed together
with the corresponding elements of [V2] and the corresponding rows of [B]. In (3.11),
only [B] includes the information related to unbalance sources.
3.4 Network Wide Influence Coefficients of Voltage Unbal-
ance
3.4.1 Derivation of Influence Coefficients Employing the Negative Se-
quence Network Solution
In order to determine the change in network wide voltage unbalance levels for a






According to the definition of the matrix [B], only the corresponding diagonal el-
ement will include the information related to an unbalanced load connected at a
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given busbar. Consequently, if a change in an unbalanced load connected at bus-
bar i is considered, it will be reflected in (3.11) as a change in B(i,i) element of
the matrix [B]. The associated changes in the elements of [V1] and the remaining
elements of [B] are assumed to be negligible under certain situations as described
in Section 3.4.2. Consequently, the corresponding change in the negative sequence
voltage vector [∆V2] can be approximated as in (3.14).
[∆V2] ≈ [Y ′++]−1(:,i).∆B(i,i).V1,i (3.14)
where, [Y ′++]
−1




ing (3.14), the change in the negative sequence voltage at an arbitrary busbar j can
be determined in terms of the change in the negative sequence voltage of the local









Therefore, the percentage change in the negative sequence voltage at an arbitrary
busbar for a percentage change of the same at the local busbar can be approxi-
mated using the ratio of the corresponding terms of the network admittance matrix.
Consequently, following observations can be reached based on (3.15);
• Network wide sensitivity factors of VU for unbalanced installations can be
approximated by the ratio of the corresponding terms of the admittance ma-
trix. They would reflect the network wide influence factors of IEC emission
allocation process as per [4].
• Incremental negative sequence voltages can be used to determine the correla-
tion between network wide VU levels.
• Considering the fact that elements in [Y ′++]−1 tend to exhibit similar angles
(due to the dominance of admittances of the lines with high x/r ratios), the
incremental changes in the network wide negative sequence voltages corre-
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sponding to a particular action associated with a load tend to be in phase.
3.4.2 A Discussion on the Assumptions
A variation in the load unbalance will essentially impact the three-phase voltages
of all busbars throughout the network. Consequently, all other voltage dependant
loads connected throughout the network will also respond to the changes in the
terminal voltages. In other words, although it is assumed that only the element of
[B] corresponding to the major load variation would change, the remaining elements
would also exhibit certain changes. However, compared to this major change, the
associated secondary changes can be assumed to be negligibly small.
In addition, when the load flow in a network varies in response to a change in
an unbalanced load, the influence of untransposed lines on the network VU also can
differ. A sensitivity analysis of the effect of untransposed lines on the network wide
influence coefficients derived based on (3.15) is presented in Section 3.5.1. According
to the results of this sensitivity analysis, when the influence of the unbalanced load is
dominant compared to that of the line asymmetry, the contribution associated with
the untransposed lines can be neglected and (3.15) can be still considered to provide
a good approximation to the network wide VU influence coefficients associated with
unbalanced installations.
3.5 Verification of the Methodology
Simulations were carried out using an unbalanced load flow program developed in
MATLAB. The specific details related to the development of the unalanced load
flow program are given in [1] and hence are not included in this thesis for brevity.
Simulations cover both a three bus MV test system and the standard IEEE 14 bus
test system, of which the details are given in Sections 3.5.1 and 3.5.2, respectively.
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3.5.1 Verification of the Methodology: Three Bus MV Test System
A 3 bus MV test system adopted from [14] is used for the verification of the pro-
posed formulation. Fig. 3.3 illustrates the corresponding test network with the
base case scenario. In order to obtain different unbalance conditions of the load
connected at busbar 2, 700 scenarios were established considering independently
random distributed loads for individual phasors for the active and reactive power as
given (3.16).
Pi,2 ∼ N (2, 0.72)
Qi,2 ∼ N (0.5, 0.072)
(3.16)
where Pi,2, Qi,2(i ∈ (a, b, c)) are active and reactive power of the individual phases
of busbar 2.
This exercise was carried out considering both completely transposed lines as
well as with untransposed lines in the network considered. In the simulations, a flat
tower configuration was assumed which gave rise to Z21t/Z11t ≈ 0.085, when the
lines were completely untransposed. Specific details of the study network are given
in Appendix A.
Figure 3.3: 3 bus MV test system
The relevant results covering the changes in negative sequence voltages and the
51
corresponding angles are presented in Figs. 3.4 and 3.5, respectively. The goodness
of the fit of the data points obtained through 700 random load changes at busbar 2
with the theoretically expected variation based on (3.15) is presented in the Table.
3.1.
Figure 3.4: Distribution of incremental negative sequence voltage magnitudes at
busbar 1 and busbar 3 for 700 random load changes at busbar 2
Figure 3.5: Distribution of the incremental negative sequence voltage angles at
busbar 1 and busbar 3 for 700 random load changes at busbar 2
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Table 3.1: Comparison of the goodness of fit for the results obtained with transposed









According to the results presented in Table. 3.1, when the lines are transposed,
the results exhibit a slightly better agreement with the theoretically expected varia-
tion than with the case where the lines are untransposed. In other words, when the
network is asymmetrical, the corresponding changes in the loads tend to influence
the contribution of the network inherent asymmetry as expected. However, in both
cases the results obtained using the stochastic approach match very well with the
theoretically expected variations given in (3.15). Therefore, the ratio of the corre-
sponding terms in the admittance matrix is seen to be a good approximation for the
VU influence factors of unbalanced installations.
In addition, according to Fig. 3.5, both busbars 1 and 3 are seen to have the
same unity gradient relationship with the angles of busbar 2. In other words, the
angles of the incremental negative sequence voltages corresponding to a particular
load change is seen to be the same for all busbars, as expected. Consequently,
depending on the correlation between the angles of the network wide incremental
negative sequence voltages, it can be predicted whether the change in VU originated
due to the same source or different sources.
3.5.2 Verification of the Methodology: IEEE 14 Bus Test System
IEEE 14 bus standard test network [14] with certain modifications is used in this
section to verify the proposed approach. Specific details of the test network are
given in Appendix B. The unbalanced status of the load connected at busbar 14 was
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subjected to 7 random changes by changing the load connected at individual phases
(considered as 7 cases) in this exercise whereas all other loads were kept unchanged.
The corresponding negative sequence voltage monitored at busbar 14, and the same
at busbars in the vicinity of busbar 14 which exhibited an appreciable change in
the VU levels are listed in the Table 3.2 (ie. busbars 4, 5, 9-14). For illustration, a
graphical representation of the negative sequence voltage vectors associated with 6




































































































































































































































































































































































































































































































: 1Case : 2Case : 3Case : 4Case : 5Case : 6Case : 7Case
Figure 3.6: V2 of busbars 9, 10, 11, 12, 13 and 14 for the cases listed in Table. 3.2
In order to verify (3.15), the incremental changes in the negative sequence volt-
ages at other busbars (∆V2,j) corresponding to the change in the VU level at busbar
14 (∆V2,14) need to be analysed. Considering the vectorial behaviour of incremental
negative sequence voltages, an analysis was carried out on the magnitude and the
angle separately as presented in Figs. 3.7 and 3.8, respectively.
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Figure 3.7: Variation of |V2| of the mainly affected busbars in the vicinity of busbar
14 vs variation of |V2| of busbar 14
Figure 3.8: Variation of the phase angle of V2 of the mainly affected busbars in the
vicinity of busbar 14 vs variation of the phase angle of V2 of busbar 14
In verifying the formulation established in (3.15), Fig. 3.7 illustrates a linear
relationship between the magnitudes of incremental VU at other busbars and bus-







|. Similarly, the angles of the incremental
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negative sequence voltages at different busbars follow a linear relationship with that
of busbar 14 as given in Fig. 3.8. Moreover, the changes of the network wide VU
levels corresponding to a particular variation are found to possess the same angular
displacement. That is, in Fig. 3.8, six clusters can be seen corresponding to the six
incremental changes (associated with the 7 load changes) in the load at busbar 14.
To develop a better understanding of the concept, vector plots for the incremental













Figure 3.9: Incremental change in negative sequence voltage between two cases
(listed in Table. 3.2) ∆V2,Case:i−i+1 corresponding to different busbars
According to the results, VU levels that develops throughout the network due to
a given load change, correlate well in terms of the angle of the incremental negative
sequence voltage of each individual busbar. As explained in Section 3.4.1, this
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correlation aspect can be attributed to the fact that that elements in [Y ′++]−1 tend









|, as suggested by (3.15) is a good approximation that rep-
resents VU influence coefficients. In addition, in order to determine the correlation
of network wide VU levels, the corresponding angle displacement provides a salient
input, and aspect that has not been given a focus- in the past.
3.6 Chapter Summary
This chapter presented a sequence domain network solution of unbalanced networks
based on the basic sequence domain models for loads, lines and unbalanced upstream
network. The proposed solution lays a foundation for remaining work presented in
this thesis.
In order to determine the network wide influence coefficients of voltage unbalance
corresponding to unbalanced loads, the developed sequence domain formulation was
employed. The linearity of the underlying sources which give rise to network VU was
utilised in the proposed technique in order to determine the impact of the individual
sources, independently. It was elaborated in this chapter that the changes that take
place in the negative sequence voltages throughout the network corresponding to
a variation in the status of unbalance of a particular load can be related using
the ratio of elements of the admittance matrix of the network. A benefit of the
developed formulation is, based on historical network measurements encompassing
changes that take place, VU sensitivity factors can be determined that can be used
to predict the VU levels at the busbars with regard to future changes. This can
provide good approximations for network wide influence factors to be used with
IEC emission allocation. In addition, the changes of the network wide VU levels
corresponding to a particular variation were found to possess the same angular
displacement. Consequently, the correlation of the network wide VU levels can be
determined by analysing magnitude and the angle of the corresponding incremental
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negative sequence voltages. This is a salient input in attributing the responsibilities
of excessive network VU levels for individual sources. Thus, the applications of the
proposed methodology can be summarised as follows:
• by having an understanding on the VU sensitivity factors (either based on
the elements of negative sequence admittance matrix or based on previous
measurements) VU levels at unmonitored busbars following a disturbance can
be estimated.
• given the network wide VU measurements, correlation of the measurements
can be determined based on the angle of the incremental negative sequence
voltages.
In order to verify the methodology a range of simulations were carried out using a
3 bus network and a modified IEEE bus 14 network. In order to verify the robustness
of the methodology, simulations were carried out with the networks with inherent
asymmetry as well. The results of the of simulations were found to agree well with
the theoretical findings.
Chapter 4
Impact of Line Asymmetries on
Network Voltage Unbalance based on
Balanced Load Flow Studies
4.1 Introduction
Chapter 3 elaborated on the use of the developed negative sequence network solu-
tion to determine the impact of unbalanced loads on network wide voltage unbalance
levels. Continuing in the same domain of work, this chapter focuses on the determi-
nation of network wide impact of asymmetrical lines on network voltage unbalance
in both radial and interconnected networks. In IEC/TR 61000-3-13, a portion of
K ′ue of the total emission allowance is allocated for VU that arises due to network
inherent asymmetry. As described in Chapter 2 under literature review, according
to the IEC guidelines the value of K ′ue can be as high as 0.6 for networks with very
low degree of transposition, hinting the dominant nature of network asymmetries in
relation to overall network VU.
Despite the influencing nature of network inherent asymmetries, a systematic
approach which can be implemented on practical networks does not exist in order to
determine the network wide influence of untransposed lines. The approaches avail-
able to date that can be found in relevant treatise demand an extensive amount of
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data which make them far from practical implementation. Addressing this shortfall,
this chapter establishes a feasible approach to determine the network wide impact
of untransposed lines based on balanced load flow studies. The methodology pre-
sented in this chapter employing the sequence domain network solution developed
in the Chapter 3 can be identified as a general and viable approach to be applied in
practical networks.
The derived formulation is such that it gives a clear overview of the underlying
factors which make a particular unbalanced line significant in terms of VU emission.
Therefore, in addition to the application of the proposed methodology in emission
assessment studies, it can be employed to enforce power flow constraints for untrans-
posed lines as a VU mitigation remedy, where transposition of unbalanced lines is
not favourable due to cost and geographical constraints.
4.2 Nodal Analysis to Determine the Influence of Untrans-
posed Lines
The conventional nodal analysis can be appropriately modified to determine the
network wide impact of untransposed lines. In general, nodal voltages and currents
are related by the network admittance matrix ([Ybus]) as follows:
[I] = [Ybus].[V ] (4.1)
In order to account for the shunt admittances of the transmission lines, two port
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From (4.2), it can be seen that the admittance matrix can be constructed in two
steps; taking into account the series admittance of the lines initially and modifying
the diagonal elements afterwards to account for the shunt admittances. Accordingly,
in the derivation presented in Section 4.2.1, only the series admittance is taken into
account initially and the corresponding adjustment for shunt elements are made
while constructing the actual admittance matrix of the network.
As the derivation aims at determining the VU, (4.1) can be rearranged to get
the nodal voltages in terms of nodal currents as in (4.3).
[V ] = [Ybus]
−1.[I] (4.3)
4.2.1 Influence of a Single Untransposed Line on Network Voltage Un-
balance
Negative sequence voltage drop along an untransposed line xy (∆V2,xy) can be writ-
ten as in (4.4):
∆V2,xy = Z21t.I1xy + Z22t.I2xy (4.4)
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where, Z21t and Z22t are the negative-positive sequence coupling impedance and
negative sequence impedance of the line, respectively. I1xy and I2xy are the positive
sequence current and the negative sequence current flowing in the line, respectively.
The corresponding circuit representation is given in Fig. 4.2.
+ -








Figure 4.2: Negative sequence model for an untransposed line
In order to ascertain the effect of an untransposed line xy, the rest of the network
can be assumed to be balanced. In order to apply (4.3), the current source in Fig.
4.2 can be redrawn with two current injections at nodes x and y respectively as
shown in Fig. 4.3. Therefore, the corresponding negative sequence voltage vector













































spectively. In (4.6), [Y++] is the positive sequence admittance matrix of the network
and used in place of the negative sequence impedance matrix noting the fact that,
for passive network elements, those two are equal. Z22L,i is the negative sequence
impedance of the loads.
4.2.2 Extending the Methodology to accommodate all Untransposed
Lines
Exploiting linearity, (4.5) can be modified to accommodate all untransposed lines.
If there are n number of nodes and p number of untransposed lines in the network,
(4.5) can be extended to represent all lines as follows;
[V2]n×1 = [M ]n×p.[Iflow]p×1 (4.7)
where, [M ] represents the network data related to the individual untransposed
lines and [Iflow] represents the positive sequence current flowing in the corresponding















[Iflow]i,1 = I1,xy (4.9)
Matrix [M ] can be constructed based on the positive sequence admittance matrix
of the network ([Y++]) and the negative sequence impedances of the loads (Z22L,i)
connected in the network. However, noting that line admittances are dominant
compared to the load admittances, [Y ′++] can be assumed to be constant regardless
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of the changes in the passive loads in the network. A detailed discussion of these
aspects are given under simulation verifications based on a range of cases.
4.3 Factors Influencing the Voltage unbalance due to Net-
work Asymmetry
Three major factors influencing the VU by a particular untransposed line can be
identified employing (4.5); degree of asymmetry of a line, network conditions and
percentage loading of the line.
4.3.1 Degree of Asymmetry of a Line
As incorporated in (4.7) and (4.8), voltage unbalance that arises due to an untrans-
posed line is linearly dependent on its degree of asymmetry. If a line is not com-
pletely transposed there will be unequal coupling impedances between the phases in
the phase domain, depending on the physical positioning of the phase conductors,
which will result in a non-zero value for Z21t in sequence domain. As a result, if a
line is untransposed, the physical configuration of the lines also plays a role. CI-
GRE/CIRED working group C4.103 brochure [5] presents some indicative values for
|Z21t/Z11t| for completely untransposed lines which demonstrates their dependency
on the physical configuration of the transmission towers (Fig. 4.4). As expected,
when the three phase conductors are in-line, the arrangement exhibits the largest
Z21t values as shown in (b) and (c) arrangements of Fig. 4.4. In contrast, when the
phase conductors are positioned in a triangular arrangement (eg (a) and (d)), Z21t
tends to take a comparatively smaller value.
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Figure 4.4: Indicative values of the ratio |Z21t/Z11t| for lines with different physical
configurations [5]
4.3.2 Network Conditions
Matrix [M ] in (4.7) can be used to analyse how the VU which arise as a result of
line asymmetry propagates throughout the network. Although [M ] predominantly
consists of the elements of the positive sequence admittance matrix of the network
([Y++]) and can be assumed to be constant regardless of the changes in the passive
loads in the network, VU propagation may get affected when there are VU attenuat-
ing loads such as three-phase induction motors. The unique attribute of such loads
is that they tend to possess larger negative sequence admittances compared to their
positive sequence admittance. As a result, the corresponding diagonal elements of
the negative sequence admittance matrix of the network tend to be relatively large
in magnitude. Thus, in relation to (4.5), it can be shown that the elements of
[Y ′++]
−1 tend to be comparatively small in magnitude. Therefore, depending on the
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relative reduction of the corresponding elements of (4.5), the VU at a given busbar
due to a particular line may be influenced. A detailed discussion of these aspects
are given under simulation verifications presented in Section 4.4 based on a range
of simulation cases.
4.3.3 Percentage loading of the line
It is worthy of noting that, as far as active loading levels do not change in the load
flow snapshots, [Y ′++] can assumed to be constant regardless of the change in the
passive loads in the network. Consequently, network VU due to an untransposed
line can be shown to be linearly proportional to the percentage loading of that
line. Therefore, one of the major applications of the developed formulation (4.7),
would be as a guide for network operators to determine the power flow constraints,
in order to maintain the VU due to network asymmetry, within the desired limits.
Adopting power flow constraints on untransposed lines can be identified as a feasible
solution for VU mitigation, rather than investing on complete transposition as stated
previously.
4.4 Verification of the Methodology
Simulations carried out in DIgSILENT Power Factory together with MATLAB were
used to verify the developed methodology. In order to ascertain the influence of
network asymmetry, the loads were assumed to be completely balanced throughout
this study. To observe the effect of a particular untransposed line across a network,
only the line under consideration was untransposed, while keeping the rest of the
network balanced. In order to establish the effect of several untransposed lines in
operation simultaneously, only those lines were untransposed. To demonstrate the
effect of the presence of active loads, a matching number of 2500 hp induction motors
(1.7 MW) adopted from [84], were used in the simulations.
69
4.4.1 Verification of the Methodology: Three Bus MV Test System
A 3 bus 12.47 kV test system adopted from [14] is used with a horizontal phase con-
ductor arrangement for the lines as in Fig. 4.4(b). The relevant sequence impedances
calculated (based on a 100 MVA base) are;
• Positive sequence series line impedance = 0.0122 + j0.0253 pu/km
• Positive-negative sequence coupling impedance = −0.0019 + j0.0011 pu/km
Therefore, the corresponding |Z21t/Z11t| = 0.078 ∈ {0.07, 0.09} which agrees with
the range of impedance ratios for horizontal conductor arrangement as suggested in
Fig. 4.4(b). To obtain different line loading conditions of untransposed lines, all
loads connected to the three busbars were scaled in 0.25 steps.
Scenario 1: Single untransposed line in the network
In this case, individual lines were untransposed (one line at a time), in order to
illustrate the network wide impact of individual untransposed lines under different
loading levels on network VU. The corresponding negative sequence voltages which
appear network wide for different loading conditions of different untransposed lines
are illustrated in Fig. 4.5. According to the the results, it can be concluded that
the network wide negative sequence voltage due to a particular asymmetrical line is
linearly dependant on its loading level.
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(a) MVA Loading of the untransposed line 1-2
(b) MVA Loading of the untransposed line 2-3
(c) MVA Loading of the untransposed line 3-1
Figure 4.5: Negative sequence voltage observed at different busbars with loading
level of the selected untransposed line (a) line 1-2 is untransposed (b) line 2-3 is
untransposed (c) line between 3-1 is untransposed
Scenario 2: Several untransposed lines in the network
In order to verify the methodology with several untransposed lines, all lines of the
three bus network were untransposed in the subsequent set of simulations. The
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MVA loading level of the
lines
Case 1 Case 2 Case 3
1-2 3.21 4.64 6.07
2-3 2.21 0.36 2.93
3-1 6.79 5.36 3.93
results were obtained for three different snapshots with different loading conditions
of the three lines by changing the loads at busbars 2 and 3. The corresponding MVA
loading levels of the lines in the three cases are given in Table. 4.2.











2, busbar 1, Actual
V
2, busbar 1, Estimated
V
2, busbar 2, Actual
V
2, busbar 2, Estimated
V
2, busbar 3, Actual
V
2, busbar 3, Estimated
Figure 4.6: Comparison of the results obtained using the proposed methodology
with full unbalanced load flow results, for the cases illustrated in Table 4.2
Results obtained using the proposed methodology and those established using
unbalanced load flow shows close agreement as can be seen from Fig. 4.6 for the
three cases investigated.
4.4.2 Verification of the Methodology: IEEE 14 Bus Test System
The IEEE 14 bus test system (Fig. 4.7) with some modifications (details are given in
Appendix B) was used in the simulation verification of which the lines were assumed
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to be completely untransposed. Further, a horizontal phase conductor arrangement
was used for the lines as in Fig. 4.4(b) which was adopted from [14]. The relevant
sequence impedances calculated are (based on a 100 MVA base);
Figure 4.7: Standard IEEE 14 bus test system
• Positive sequence series line impedance = (0.2410 + j0.9185)× 10−2 pu/km
• Positive-negative sequence coupling impedance = (−0.0693+j0.0400)×10−2 pu/km
For the above lines considered, |Z21t/Z11t| = 0.08 ∈ {0.07, 0.09} as suggested in
Fig. 4.4(b). The line lengths were chosen so that the positive sequence impedances
are approximately equal to those of the original 14 bus test system. Line capacitance
data was not available, hence was not taken into account in the simulations. However
if the capacitance/shunt admittances are available, the corresponding effect can be
included in the admittance matrix as explained in Section 4.2.
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Scenario 1: Single untransposed line in the network
0 10 20 30 40 50 60 70 80 90 100
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(b) % Loading of the untransposed line 13-14
Figure 4.8: Negative sequence voltage observed at different busbars (a) line 6-12 is
untransposed (b) line 13-14 is untransposed
Two sets of simulations with the line between nodes 6 and 12 untransposed and the
line between nodes 13 and 14 untransposed, were carried out and the corresponding
results obtained are shown in Fig. 4.8. Only the busbars with significant VU
levels are shown for brevity. In order to obtain different loading levels of the line
under consideration, passive loads were altered accordingly while maintaining them
as balanced loads. Current ratings of the lines were assumed to be 1 kA and the
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percentage loading levels of the line were calculated accordingly as shown in Fig. 4.8.
According to the results presented, the VU levels that are observed at a given busbar
due to an untransposed line is seen to be linearly proportional to the percentage
loading level of the considered line. Further, it can be seen that the busbars which
are connected to the untransposed lines are the ones which are mostly affected,
most of the times. The corresponding elements of the negative sequence admittance
matrix determines the propagation of a disturbance initiated due to a particular
line, as determined by (4.5).
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Figure 4.9: Comparison of the results obtained using the proposed methodology
with the full unbalanced load flow results, for the cases illustrated in the Table 4.2
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MVA loading of the lines
case 1 case 2 case 3
6-12 13.9 16.1 47.1
6-13 41.6 50.2 48.8
10-11 10.7 40.3 17.1
13-14 35.5 46.1 35.3
In order to verify the methodology for the network with several untransposed lines,
lines 13-14, 6-12, 6-13 and 10-11 were untransposed in the subsequent set of simu-
lations. The results were obtained for three different snapshots of different loading
conditions. Percentage loading levels of the lines for the three cases are given in the
Table 4.2. Fig. 4.9 compares the results obtained using the proposed methodology
with results from unbalanced load flow, demonstrating close agreement.
Scenario 3: Induction Motors (IMs) present in the network
In order to establish the influence of the presence of three phase induction motors
in the network, 5 MVA and 10 MVA induction motor loads were added to busbar
14 in sequence. The required induction motor load was established by connecting
matching number of 2250 hp machines (1.7 MW) adopted from [84], in parallel.
Only the line between 13 and 14 was kept untransposed in this study. In order
to obtain different loading levels of the asymmetrical line, other passive loads were
adjusted while maintaining them as balanced loads.
Fig. 4.10 shows the negative sequence voltage observed at busbar 14 for different
loading levels of line 13-14, for the two different induction motor loads connected
at busbar 14. Presence of IMs help attenuate the VU of the busbar to which they
are directly connected as can be seen in the results. Also, for a fixed IM load,
the variation of the negative sequence voltage with the percentage loading of the
77
untransposed line follows a linear relationship. With increasing number of IMs the
corresponding proportionality constant tends to decrease as can be seen in the Fig.
4.10.















With passive loads only
With 5MVA IM load @busbar 14
With 10MVA IM load @busbar 14
% Loading of the untransposed line 13-14
Figure 4.10: Negative sequence voltage observed at busbar 14, for different loading
levels of the untransposed line 13-14, with different induction motors connected at
the same busbar
In the subsequent set of simulations, network wide VU levels that arise due to the
untransposed line 13-14 with a fixed 10MVA IM load connected at busbar 14 were
studied. The results obtained for busbars 10, 12, 13 and 14 are shown in Fig. 4.11.
In order to illustrate the VU attenuating behaviour of the IM, the above results are
shown together with the case where the network has only passive loads. As can be
seen from the results, IMs tend to modify the gradients of the graphs (proportionality
constants). When an IM load is connected, the connection point VU (VU of busbar
14) attenuates as can be seen in Fig. 4.11. However the VU levels of the busbars in
the vicinity can be increased or decreased depending on the direction of the power
flow in the untransposed line which gives rise to the network wide VU levels and
the relative location of the busbar of interest. Also, by examining numerical values,
it can be seen that by connecting an induction motor to the network, all elements
of the negative sequence impedance matrix tend to reduce. However, according to
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(4.5), the relative reduction of the corresponding elements of the admittance matrix
eventually decides the reduction or the increment of VU level that are observed at
a selected busbar due to a particular untransposed line.













Busbar 14 (With IM@ 14)
Busbar 14 (With passive loads only)
Busbar 13 (With IM@ 14)
Busbar 13 (With passive loads only)
Busbar 12 (With IM@ 14)
Busbar 12 (With passive loads only)
Busbar 10 (With IM@ 14)
Busbar 10 (With passive loads only)
% Loading of the untransposed line 13-14
Figure 4.11: Demonstration of the effect of an induction motor load on network VU
Although IMs influence the proportionality constants, the impact of the lines
still follows a linear relationship with the loading levels of the corresponding un-
transposed line as illustrated in the Fig. 4.11, provided the IM capacity does not
change between the snapshots. Even though only a presence of an induction motor
is considered here, a similar behaviour can be expected when any equipment with
dissimilar negative sequence impedance and positive sequence impedance comes
into play. Therefore, a similar behaviour can be expected with power electronic
converters and power quality conditioning equipment such as static compensators
(STATCOMs) which are configured for network VU correction. Consequently, if a
reasonable judgement on the active loads can be made by the network operators,
corresponding adjustments of the admittance matrix can be made to obtain the
appropriate influence coefficients of VU associated with network asymmetry.
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4.5 Chapter Summary
Although the network line asymmetries are one of the main contributors to voltage
unbalance in high voltage transmission networks, achieving complete transposition
of all lines is not always possible due to the economic constraints and other practical
limitations. Proper VU assessment methodologies are essential in order to make sure
that the emissions due to line asymmetry are maintained within limits and in the
facilitation of effective mitigation techniques.
This chapter, while extending the applications of the negative sequence network
solution developed in Chapter 3, presented a novel methodology for the determina-
tion of busbar level VU due to line asymmetry based on balanced load flow studies.
The linear nature of the impact of VU sources was exploited in the methodology to
determine the influence of line asymmetry. The main advantage of the developed
methodology is that, it does not require extensive data in order to determine the
network wide influence of untransposed lines.
In addition, based on the formulation developed, major factors influencing the
VU by a particular untransposed line were identified as; degree of asymmetry of
line, network conditions and the loading level of the line. Significance of each factor
was quantitatively discussed employing the developed formulation.
Although simple, the developed methodology can be used as a tool by network
operators to determine suitable power flow constraints and to operate the network
optimally while ensuring that the VU levels due to inherent line asymmetry are
within stipulated limits across the network. Also, it provides network wide influence
coefficients of untransposed lines and gives a quick overview of the propagation of
VU that arise due to line asymmetry. Simulations covering a wide range of cases
verify that the developed formulation produces results that are in close agreement
with the results of unbalanced load flow.
Chapter 5
Attenuation of Network Voltage
Unbalance due to Three-phase
Induction Motors
5.1 Introduction
It is well known that all synchronous and asynchronous three-phase machines tend
to help attenuate pre-existing negative sequence voltages at their point of connec-
tion. Although three-phase induction motors (IMs) act as voltage unbalance (VU)
compensators, they are also thermally and mechanically affected leading to poor
performance and life time reduction. These adverse effects are well documented
where relevant research has been active since 1950s [23, 24]. Despite this existing
knowledge, only limited research exists that cover the network wide VU attenuation
effect of IM loads associated with meshed networks. Such attenuation aspects need
to be closely associated with systematic VU management practices in order to utilise
the complete VU absorption capacity, where limits are imposed to ensure that the
network is operated within acceptable VU planning limits [4].
With the understanding of the network wide VU behaviour which is developed
based on the findings of Chapters 3 and 4, this chapter examines the network wide
VU attenuation caused by three-phase induction motors. In contrast to other passive
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loads, IMs possess dissimilar positive and negative sequence impedances which in
turn help reduce the network wide VU levels. Consequently, this chapter develops
sequence domain models for a mix of passive and three-phase IM loads in order to
incorporate them into the sequence domain solution developed in Chapter 3. The
resulting solution allows comprehensive investigation of network wide influence of
IMs.
The network wide VU reduction which arises as a result of IMs is developed in
the form of a correction formula applicable in existing Distribution System State
Estimation (DSSE) techniques which lack proper means to account for those at-
tenuation effects. Consequently, the findings of this chapter allow existing DSSE
techniques to account for the VU attenuation effects with minimum additional com-
putational effort. In addition, analysis of the network wide VU attenuation effects
presented in this chapter is complimentary to the exiting IEC treatise which only
deals with radial networks.
5.2 Existing Distribution System State Estimation Techniques
and Associated Limitations
Although a descendant of conventional power system state estimation, DSSE is dis-
tinctly different to conventional approach due to a few factors explained in detail in
Chapter 2, including its ability to deal with unbalanced networks and high degree of
measurement paucity. Measurement paucity at distribution level has been suggested
to be addressed by pseudomeasurements. Mostly, the historical data, consumer me-
ter readings and transformer loading patterns can be used as the pseudomeasure-
ments for a state estimator, presuming Gaussian distribution. A comprehensive
DSSE which uses adequate three-phase network and measurement models provides
details related to the level, location and the impact of network VU [71].
Whenever the input measurement data at a load busbar is not available in real-
time or when the data is not synchronised, the respective data should be introduced
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to an estimator in the form of a load model to account for the voltage dependency of
the load. Existing DSSE techniques use different load models, the simplest and the
most common representation being modelling of the loads as constant power type.
The other commonly used models include polynomial, exponential and composite
models [75, 76]. However, presently available load models are not comprehensive
enough to represent the behaviour of three-phase IMs which are directly connected
to the power system. The lack of availability of comprehensive three-phase IM
models in existing DSSE techniques is highlighted in [7], emphasising the importance
of having such models particularly to assess the network wide VU. Although, it
is stated in [7] that detailed modelling can be used in order to represent loads
including IMs, it does not provide relevant details. Dissimilar sequence impedances
of three-phase IMs help to attenuate existing VU as explained in Section 2.4, that
can be evaluated and/or quantified in the sequence domain more conveniently [49].
Consequently, incorporation of the effect of three-phase IMs into practical DSSE
implementation is not a straightforward task and requires an appropriate approach
which brings the sequence domain quantification of the unbalance improvement of
IMs into phase domain solutions.
As a solution, this chapter develops a post processing step based on the sequence
domain behaviour of IMs, which can be applied within existing phase domain DSSE
techniques. As the methodology developed leads to an inclusion of a correction
formula to existing DSSE techniques to incorporate the missing steady-state effect
of the presence of three-phase IMs, it requires some base case results. Consequently,
the methodology presented in [7] is used in this work as the base case scenario and
the corresponding results as the existing DSSE results. Therefore, to obtain a set
of DSSE results, the measurement model and the corresponding three-phase power
flow equations described in [7] are used throughout this work. For instance, the
three-phase power at a load busbar is related to the three-phase voltages of each
bus i, as given in (5.1).
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where the pth or mth phase is a, b or c for 1st, 2nd or 3rd index, respectively. Gpmik
is the real i, kth element of the three-phase admittance matrix Ybus and Bpmik is the
imaginary i, kth element of the Ybus [7]. Similarly, phase-domain line flow equations,
corresponding admittance and Jacobian matrices can be obtained, to acquire system
states through generalised least square state estimation (GLS) [7], of which the
details are not shown here for brevity.
Although, only [7] is considered as the basis in the present work, the DSSE
techniques developed so far use phase-domain load flow equations to determine the
steady system state, as they are compatible to work in the same domain as the
measurements. Consequently, determining network VU which is based on sequence
components has been a post processing exercise to three-phase results of DSSE.
The proposed correction can be implemented as an added layer on top of the ex-
isting DSSE techniques, which can be identified as a significant advantage of the
methodology.
5.3 Negative Sequence Model of a Mix of Passive and Induc-
tion Motor Loads
The sequence domain network solution covered in Chapter 3 determines the net-
work wide influence of unbalanced installations and network inherent asymmetry.
The elements of matrix [B] which encompass the information related to unbalanced
sources have been analysed to evaluate the influence made by different sources.
In contrast, there are end user equipment such as three-phase IMs which help
attenuate network VU. The corresponding effects of such VU attenuating loads
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are mainly reflected as changes in the negative sequence admittance matrix of the
network, [Y ′++], considered in Chapter 3. This chapter develops the application of the
sequence domain network solution to determine the network wide VU attenuation






where, [V1] and [V2] are positive and negative sequence voltages at busbars. Matrices




















where, [Y ′++] is the positive sequence admittance matrix of the network. Z22L,i rep-
resents negative sequence impedances of the loads. A reasonable approximation to










where Z11L,is are the Thevenin’s impedances of the generators and the positive se-
quence impedances of the loads.
However, the assumption Z11L,i = Z22L,i that is usually valid for passive loads is
not valid in the case of IM loads. Thus, this section develops a generalised negative
sequence model of a mixed load having both passive and IM loads. The generalised
models of a mixed load given in Fig. 5.1 are used in the derivation. The same
basic notation which is used in the technical report IEC/TR61000-3-13 [4] is used
throughout this theoretical treatment, recalling ks is the ratio between positive and
negative sequence impedances of the motor load supplied by the LV busbar and
ksc is the ratio of short circuit power to total load connected at the LV busbar. In
addition, actual complex representation of ks is taken into account. Similarly, km is






where, SIM and STotal are complex power of the motor load and total load connected
at the busbar, respectively. S∗ represents the complex conjugate of S. It is to be
noted that km is defined using the complex conjugates of power for the ease of
adopting it into the derivation. However, when the motor load and the total load














Figure 5.1: Sequence domain ((a) Positive sequence (b) Negative sequence) models
of a mixed passive and IM load
Equations for the complex power of the IM load can be written in two forms,





























|  |, slip= 0.053 (rated slip)
 /  , slip= 0.053 (rated slip)_
Figure 5.2: Variation of β for different compositions of the mixed load










Substituting (5.6) and (5.8) in (5.10) and simplifying;




1− km + km.ks
(5.12)
Therefore, β can be defined as the complex ratio of the resultant negative to positive
sequence impedance of the aggregated mixed load at a busbar.
In the absence of IM loads (i.e. km = 0), β = 1 → Z22,mixL = Z11,mixL, which
is normally the case for completely passive loads. Further, according to (5.11) and
(5.12), for a general mixed load, |β| . 1 =⇒ Z22,mixL . Z11,mixL.
The variation of β for different compositions of the mixed load when the corre-
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sponding IM load is operating at its rated slip is given in Fig. 5.2. A 50 hp IM
of which the data is given in [84] is used for this study. It is to be noted that the
variation of ks for most single-cage IMs is the same regardless of the size which
makes this study a good approximation for all types of mixed loads with different
IM ratings.
5.4 Incorporation of Three Phase Induction Motor Loads
into the Sequence Domain Network Solution
5.4.1 Correction of the Negative Sequence Voltage to account for the
Presence of Mixed Loads
This section investigates the corresponding changes which will be applicable to se-
quence domain network solution given in (5.2) as a result of a mixed load in place
of a passive load. [Y ′++] of (5.2) has been initially established assuming all loads
to be passive and thereby substituting Z11Ls in place of Z22Ls. When there is a
mixed load instead of a passive load, the corresponding diagonal element of [Y ′++]
is subjected to change thus impacting on [V2]. This essentially results in updated
three-phase voltages at busbars which make all other voltage dependent loads to re-
spond accordingly and alter their consumed power levels. As a result, when there is
a significant number of voltage dependent loads connected to the network, even the
[V1] vector will be affected. However, the sensitivity of the other voltage dependent
loads compared to the attenuation provided by IM loads is negligible [45, 4], which
makes it reasonable to assume that the only change that would take place is in the
corresponding diagonal element of [Y ′++]. This aspect will be further discussed in
relation to the simulation verification.
Consider a situation where busbar i has a mixed load instead of a completely
passive load. Accordingly, the accurate formulation would be Z22L,i = βZ11L,i.
Therefore, the respective change in the corresponding diagonal element of [Y ′++]











Thus, the corresponding change in the negative sequence voltages at busbars can be







(1− β).[Y ′++]−1(:,i).[Y ′++]
−1
(i,:)





where, [V ′2 ] is the vector corresponding to the attenuated negative sequence voltages






(i,:) are the i th column and row vectors of the ma-
trix, [Y ′++]−1, respectively. Based on realistic numerical values of network elements,
it has been noted that the subtraction in (5.14) can be carried out disregarding the
associated phase angles of the elements considered in the subtraction process. This
implies a reduction in the magnitude of each individual element of [Y ′++]−1 of (5.2),
when an IM load is connected to busbar i.
The attenuated negative sequence voltage at an arbitrary busbar j (V ′2,j), result-






(1− β).[Y ′++]−1(j,i).[Y ′++]
−1
(i,:)





By simplifying and rearranging the terms of (5.15);
V ′2,j = V2,j − aj,i.V2,i (5.16)







) .[Y ′++]−1(j,i) (5.16) can be identified as the cor-
responding adjustment that can be carried out on the VU results of existing DSSE
techniques in order to account for the attenuation provided by IMs. Specific details
from an application point of view are given in Section 5.4.3.
89
5.4.2 Attenuation Patterns of Network VU in the Presence of IM loads
This section aims at investigating the attenuation patterns of VU, especially con-
sidering the correlation of VU attenuation and the network short circuit level at the
point where the three phase IMs are connected.
Both (5.2) and (5.14) are linear, thus making it possible to consider one particular
unbalance level at a time and add the individual results to establish the cumulative
impact. According to the definition of [B] in (5.2), all unbalanced installations
can be represented by using single rows of [B] and untransposed lines using the
corresponding two rows of [B] as explained in detail in Chapter 3. As a result
of the reduction of the magnitudes of individual elements of [Y ′++]−1 in (5.2), VU
which corresponds to a single row of [B] will be reduced throughout the network.
In contrast, the VU that arises as a result of an incomplete transposition of a
line can eventually increase or decrease depending on the relative reduction of the
corresponding elements in [Y ′++]−1.
In order to investigate the propagation aspects of VU, Thevenin’s equivalent
circuit at busbar i, looking into the network, which is shown in the Fig. 5.3 can be
used to establish the relationships:










































































Figure 5.4: Variation the impact of the short circuit level (ksc) at the IM con-










Therefore, the corresponding factor which governs the VU attenuation at busbar
i, resulting from an IM connected at busbar j can be deduced from (5.19) (i.e. ai,j),
by swapping i and j. In order to investigate the VU propagation that depends
on the short circuit level (ksc), two scenarios where the same load with the same
percentage of IMs connected at the busbars i and j can be considered, separately.






i,j , the variation of aj,i can found








and the variation of the corresponding factor
for different short circuit levels of busbar i, with varying proportions of IM loads
is given in the contour plot of Fig. 5.4. Accordingly, for small proportions of IMs,
attenuation patterns are independent of the variation of the short circuit level of the
busbar to which an IM is connected. However, as the total capacity of IMs increases,
propagation of VU attenuation is more significant from busbars with higher short
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circuit capacity to busbars with lower short circuit capacity than vice-versa. On
the contrary, when the impact on the same busbar is considered, smaller the short
circuit level, higher will be its own VU attenuation as per the IEC VU transfer
coefficient. The developed formulation is general such that it can be simplified to
the form given in IEC technical report [4]. In summary, as the short circuit level
increases at a busbar where an IM is connected, its own VU attenuation tends to
be less prominent compared to those at other busbars.
5.4.3 Post-adjustment of the DSSE Results to Account for the Presence
of Loads Including IMs
This section explains how the findings established so far can be used to correct the
conventional DSSE [7] results to account for IM loads. Since the correction is to be
applied to the negative sequence voltage vector only, the positive sequence solution
should be unaffected by the presence of an IM load. Therefore, an IM load has to
be modelled as a constant power balanced load in the initial stage of DSSE, and
then the correction can be made to the results obtained. In the case where a single
IM, (5.16) can be directly applied to DSSE results.
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Figure 5.5: Post-adjustment of the DSSE results to account for the presence of loads
including IMs
In contrast, when there are multiple mixed loads, there will be changes to multi-
ple elements, which need to be handled iteratively, by considering only one change
at a time. Therefore, at the end of each iteration, the [Y ′++]−1 has to be updated
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using (5.14) and the negative sequence voltage vector by (5.16), as illustrated in Fig.
5.5. It is to be noted that the final result is independent of the order of considera-
tion given to the mixed loads, as modified [Y ′++]−1 with all changes included will be
available at the end.
5.4.4 Derivation of IEC VU Transfer Coefficient
The attenuated negative sequence voltage when the same busbar is equipped with
a mixed load can be deduced from (5.16) by substituting i = j as;
V ′2,i = (1− ai,i).V2,i (5.20)








Substituting (5.17), (5.18) and (5.12) in ai,i of (5.20), following relationship can be
obtained which is similar to the VU transfer coefficient given in [4], and hence the










5.5 Verification of the Methodology
5.5.1 Establishment of the Test System and the Base-case Scenario
IEEE 13 bus test system shown in Fig. 5.6 which is a radial distribution network,
exhibits VU levels as high as 2% at certain busbars and can be used as a good
platform for VU studies [2]. The corresponding negative sequence voltages observed
at different busbars are illustrated in Fig. 5.7 where results for Busbar 650 is not
included as it is the upstream busbar which exhibits negligible VU. Other than
that, only the busbars with three-phase connectivity are included for brevity. The
major cause for network VU in the test system is unbalanced loads. Except for the
balanced three-phase load connected at busbar 671, all other loads are unbalanced.
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In addition, the line of the network are not transposed which also contribute to
the network VU [2]. In order to simulate different cases, varying percentages of
passive loads have been replaced with the IM loads with equivalent power ratings.
To obtain the required motor load, matching numbers of 50hp IMs, used in Section
5.3 are used.
Simulation studies carried out in DIgSILENT in conjunction with MATLAB
were used to verify the developed methodology. A load flow program implemented
in MATLAB based on [7] was considered to represent existing DSSE techniques,
and the corresponding results were used as the base-case results. The correction
formula developed in this chapter was applied at an upper level of the DSSE results
obtained employing the methodology presented in [7]. The results obtained using
the proposed methodology are compared with the results of the unbalanced load
flow study carried out in DIgSILENT for the cases considered in Section 5.5.2.
Figure 5.6: Standard IEEE 13 bus distribution network (The busbars with three-
phase connectivity are circled)
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Figure 5.7: Percentage Negative sequence voltages (|V2|%) obtained for IEEE 13
distribution network, using the methodology presented in [7].
5.5.2 Application to a Single Busbar with Varying IM Loading Levels
Different cases where the load connected at busbar 675 in Fig. 5.6 include different
percentages of IM loading levels (km = 0%, 15%, 30%, 45%, 60%, 75% and 90%)
are considered for the verification purpose.
The simulation results are shown in Fig. 5.8. The associated errors in the
estimation using the proposed methodology are found to be less than 1% as shown
in Fig. 5.9. These errors appear mainly because of the associated effects related
to other loads connected to the network. That is, when the voltage magnitudes
of the other busbars tend to change with varying IM percentages at busbar 675,
voltage-dependent loads connected at those busbars tend to respond. Higher the IM
percentage, greater the attenuation at individual busbars, making the responsiveness
of other voltage-dependent loads to increase. As a result, with increasing loading
level percentages of IMs, the error associated in the estimation of negative sequence
voltage tends to increase as shown in the Fig. 5.9.
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 IEEE 13 bus network with no IMs (Existing DSSE)
 Estimated (15% IMs)
 Actual       (15% IMs)
 Estimated (30% IMs)
 Actual       (30% IMs)
 Estimated (45% IMs)
 Actual       (45% IMs)
 Estimated (60% IMs)
 Actual       (60% IMs)
 Estimated (75% IMs)
 Actual       (75% IMs)
 Estimated (90% IMs)
 Actual       (90% IMs)
Figure 5.8: Estimated and actual negative sequence voltages at different busbars for
different IM percentages at busbar 675 of IEEE 13 bus network
































Figure 5.9: Percentage error associated in the estimated negative sequence voltages































Figure 5.10: Percentage error associated in the estimated negative sequence voltages
for (a) Original IEEE 13 bus network (b) Network with constant current loads only
(c) Network with constant impedance loads only
Further, it can be observed that, busbar 675 exhibits smaller errors in its es-
timated negative sequence voltage levels, since the corresponding changes of other
voltage-dependent loads are least felt by busbar 675, compared to the percentage in-
crease of its own IM load. Likewise, the busbars which are in close electrical vicinity
of busbar 675 (i.e. 671, 680, 692) also exhibit comparatively lower levels of errors,
as expected.
To investigate the robustness of the methodology for different load types, two
more simulations were carried out, making all loads to be constant current type
loads and constant impedance type loads. The associated errors in estimating neg-
ative sequence voltages are illustrated in Fig. 5.10. In the original IEEE 13 bus
network in which the majority of loads are constant power type loads, the associ-
ated errors were very low compared to those associated with constant current and
constant impedance type loads. With the increasing voltage-dependency of loads,
the associated errors in estimating negative sequence voltages tend to increase as
expected. Nevertheless, the percentage errors associated even for the worst case
(i.e. for the constant impedance loads) are less than 4% which can be considered
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acceptable for practical purposes.



















 IEEE 13 bus network (with no IMs)
 IM load connected at 634
 IM load connected at 671
 IM load connected at 675
Figure 5.11: Attenuated negative sequence voltage at different busbars when the
same (equivalent) IM connected separately at busbar 634, 671 and 675 of the IEEE
13 network
In order to study the variation in the VU attenuation patterns based on the loca-
tion of the IM load, three cases where the same composition of IM load (10×50 hp)
connected at busbars 634, 671 and 675 were considered in the subsequent set of
simulations. The simulation results are presented in Fig. 5.11 according to which
the least attenuation is caused when the IM load is connected at busbar 634. This
can be explained using (5.19). Busbar 634 which is a low voltage busbar, possesses
comparatively a low short circuit level resulting comparatively small values of aj,634s
thus demonstrating relatively low VU attenuation on the other busbars. When the
VU attenuation on its own is considered for busbar 634, it shows a better percent-
age attenuation as expected. The best VU attenuation throughout the network
is exhibited when the IM load is connected at busbar 675. That is because, the
pre-existing VU level of busbar 675 is the largest compared to all other busbars and
therefore according to (5.16) the corresponding attenuation should also be compara-
tively large. Thus, the major influencing factors of VU attenuation can be identified
as pre-existing VU level and the short circuit level at the location where the IMs
are connected.
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5.5.3 Monte-Carlo Simulations to Estimate Distribution of the Errors
in the New Methodology when the Inputs Consist of Gaussian
Noise
In order to determine the distribution of the errors in the methodology when km
and ks consist of normally distributed errors (uncertainties), the case where the
60% of the load connected at busbar 675 are IMs, was considered. 1250 number
of km and same number of ks values were generated which follow the distributions,
km ∼ N (0.6, 0.12) and ks ∼ N (5, 0.52), respectively. Monte-Carlo simulations were
carried out with randomly generated inputs in order to establish corresponding
network-wide joint distributions. The simulation results for the individual busbars






















































































Figure 5.12: Distributions of the estimated VU at different busbars of IEEE 13 bus
network for ks and km with normally distributed errors
In order to test the normality of the results, overlay graphs of the cumulative
distribution functions (CDFs) of Monte-Carlo results and the CDFs of correspond-
ing normal distributions with same mean and variance were established. The re-
sults obtained for normality test for busbars 632, 634, 675, 692 are shown in Fig.
5.13 according to which the corresponding two CDFs agree well with one another.
Therefore, the distribution of the estimated negative sequence voltages at individual
busbars can also be approximated to normal distributions with a mean that is the
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same as the estimated negative sequence voltage with km and ks values with no
errors.
Furthermore, according to Fig. 5.12, it can be observed that the variance of the
results of the local busbar (i.e. busbar 675) is the highest of all the variances on
network-wide basis. It can be explained using the fact that VU attenuation which
takes place at any other busbar is just the VU attenuation at local busbar mul-
tiplied by a factor that is less than unity based on the corresponding elements in
the admittance matrix, according to (5.16) and (5.20). Consequently, the resultant
distribution at any other busbar exhibits a lower variance than the variance of the
results of the busbar to which the IMs are directly connected. Similarly, the busbars
in the near electrical vicinity of 675 (I.e 671, 680 and 692) exhibit larger variances
in the results compared to other busbars. However, the results in general, do not
show any magnification of the errors associated with input data and the estimations
follow normal distributions around the expected results (estimated values with in-
puts with no errors), which give a good indication of the robustness of the proposed
methodology.
Figure 5.13: Cumulative Distribution Function (CDF) of the results of Monte-Carlo
simulation results for busbars 632, 634, 675, and 692 of IEEE 13 bus network and
the corresponding normal distributions with the same µ and σ
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5.5.4 Simulation Cases with Multiple Busbars Contain Different Per-
centages of IM Loads






0 0 90% Case 1
0 60% 90% Case 2
0 90% 90% Case 3
90% 90% 90% Case 4




































Figure 5.14: Estimated and actual negative sequence voltages at different busbars
for the cases given in TABLE 5.1
To illustrate the situations where multiple busbars contain different percentage IM
loading levels, the test cases given in Table 5.1 were carried out. The corresponding
simulation results are given in Fig. 5.14 where the estimated VU levels can be noted
to be in close agreement with the actual results (error in the estimation < 5%)
throughout the complete set of simulations as illustrated in Fig. 5.14.
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5.6 Chapter Summary
This chapter investigated the network wide VU attenuating effect of three-phase IMs
in both radial and interconnected networks, employing the novel sequence domain
network solution. In order to incorporate the corresponding effects into the network
solution, sequence domain models for three-phase IMs were developed. The models
were developed utilising the same set of variables utilised in the IEC/TR 6100-3-13
[4] in order to be consistent with the current VU management practice. The findings
were presented in the form of a correction formula to the phase domain power flow
results which do not consider the presence of IMs in the representation of passive
load mixes.
Based on the findings of the VU attenuation patterns, it can be seen that both
(a) pre-existing VU level and (b) the short circuit level of the busbar to which
an IM is connected plays a role in attenuating network wide VU levels. When an
IM is connected at a location where both these factors (a) and (b) are significant,
the resultant attenuating effects are found to be more pronounced than otherwise.
Moreover, propagation of the VU attenuation effects from the busbars with high
short circuit levels to low short circuit levels was found to be always better than
vice-versa.
A correction formula was developed which can be applied to determine the VU
attenuation effects of IMs. Devised correction formula was found to be applicable
to existing DSSE techniques which do not account for the presence of three-phase
IMs. The proposed approach only takes two inputs corresponding to the presence of
an IM load, km and ks, to determine the network-wide revised VU levels. Reason-
able approximations can always be made on those inputs based on historical data
and past experience which makes the proposed concept more appropriate in practi-
cal DSSE implementation than adopting adequate three-phase models of IMs from
full unbalanced load flow. Therefore, the proposed methodology is computationally
effective and easily implementable due to its applicability at an upper layer of al-
ready existing DSSE techniques, without completely replacing them. Further, the
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developed formulation does not require extensive data related to equivalent circuit
parameters.
The developed methodology has been verified through a range of simulations
including cases with random errors in input data in order to verify the robustness
of the methodology in terms of error propagation. The results illustrate that the
methodology provides an appropriate approach for DSSE to account for the VU
attenuation effect of IMs. The proposed concept also provides an alternative algo-
rithm that can be used with power system simulation software in order to perform
reasonably approximate steady-state unbalanced load flow studies.
The findings in this chapter also provide greater insight into the VU attenuation
provided by IM loads in interconnected network environments. Hence, the contri-
butions made are complementary to the existing IEC knowledge on VU attenuation
aspects which is essentially related to radial systems only.
Chapter 6
Network Wide Influence of a
STATCOM Configured for VU
Mitigation
6.1 Introduction
The theory behind the VU attenuation associated with three phase induction mo-
tors can be utilised to investigate the VU compensation provided by active devices
or VU compensators. Dissimilar sequence domain impedances of three-phase in-
duction motors unintentionally make the network wide VU levels better. In active
VU mitigation, the same principle is intentionally employed via a power electronic
interface to reduce the network VU levels by introducing a low sequence impedance
path for negative sequence current to flow. Consequently, among the measures to
mitigate VU, application of network shunt connected compensators such as static
compensator (STATCOM) is a promising approach [8, 86]. In addition to dedi-
cated STATCOMs for VU mitigation, STATCOMs installed for other objectives
such as reactive power support also can be configured to provide VU correction as
an additional service [87]. Also, with the increased penetration levels of distributed
generation, configuration of grid tied inverters to provide VU correction as an ancil-
lary service has become a potential alternative [15, 88]. However, analytical tools to
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estimate network wide VU mitigation, specifically in interconnected networks result-
ing from such practices, do not exist. This hinders not only the effective application
of VU mitigation strategies but also proper technical and economical evaluation of
the associated benefits.
As a solution to address this shortcoming, this chapter aims at extending the
understanding of the behaviour of network wide VU developed thus far, to evaluate
the corresponding network wide effect of active mitigation options. Similar to the
incorporation of the effect of three-phase induction motors into the sequence domain
network solution in Chapter 5, this chapter aims at accommodating the effect of the
presence of a STATCOM configured for unbalance correction. In this chapter, a
STATCOM model is developed in PSCAD/EMTDC utilising a modified voltage
controlled voltage source (modified VCVS) [8] control strategy. An overview of
the control strategy and the model development is presented in Section 6.3. A wide
range of simulations with different load types are carried out to verify the robustness
of the methodology.
Consequently, the outcomes of this chapter are salient in the determination of
local and network wide VU improvement provided by active mitigation devices.
Moreover, the discussion on the factors which determine the best candidate locations
for active mitigation and sizing of the mitigation devices is contingent upon optimum
implementation of active mitigation techniques.
6.2 Influence of a STATCOM configured for VU Improve-
ment on a Network Wide Basis
Negative sequence phase voltages ([V2,pre]) which prevail prior to the connection of



























Z21t,xy and Z21L,x are the negative-positive sequence impedances of the line between
busbars x and y and the load connected at busbar x, respectively. Similarly, Z11t,xy,
Z11L,x and Z22L,x are the elements of the sequence impedance matrices of the corre-
sponding line and the load. Y++ is the positive sequence admittance matrix of the
network.
6.2.1 Accommodating the Impact of the Presence of a STATCOM
VU mitigation techniques in principle follow the same approach by introducing low
impedance paths for negative sequence currents to flow thereby reducing the network
wide negative sequence voltages. Consequently, the corresponding effect will be
mainly reflected in (6.1) as a change in the corresponding diagonal element of [Y ′++].
However, if it is a grid tied inverter configured for VU mitigation, in addition, there
will be certain other changes in the positive sequence voltage vector which needs to
be separately addressed.
In the case of a dedicated STATCOM used for VU mitigation, it is reasonable
to assume that the positive sequence solution remains unchanged1 even with the
STATCOM. This assumption is further discussed in Section 6.4. Control strategy of
a STATCOM configured for VU mitigation is discussed in [8], which aims to produce
an identical positive sequence voltage as at the pre-connection stage at the terminal
but different negative sequence voltage resulting in an infinite positive sequence
and a finite negative sequence impedance. Thus, if a STATCOM with a negative
sequence admittance of Y22,STAT is connected at busbar i is considered, (6.1) can be
1Instead of V2, V UF can be used in the derivations, where V UF = V2V1
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respectively. It is assumed that response of other voltage dependent loads in the
network is negligible compared to the impact of the STATCOM. This assumption is
further discussed in Section 6.4 by using exponential load models [89] and considering
loads with different voltage dependency in the simulation cases.
Post connection negative sequence voltage at an arbitrary busbar j (V2,post,j) can
be extracted from (6.2) and written as in (6.3);










Hence, the local VU mitigation, can be established as in (6.4) by substituting j = i
in (6.3). According to (6.4), as the admittance of the STATCOM increases, V2,post,i
approaches zero. To obtain the corresponding VU improvements on other busbars,



















where, ∆V2,j = V2,post,j − V2,pre,j and ∆V2,i = V2,post,i − V2,pre,i. Thus, the change in
VU at any arbitrary busbar j as a result of connecting a STATCOM at busbar i, in
terms of local VU mitigation (i.e. ∆V2,i) is given in (6.5).
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6.2.2 Factors which Determine the Optimum Location for Implemen-
tation of STATCOM Based VU Mitigation
In order to examine the factors which determine suitable locations for active VU
mitigation, a generalised relationship for VU reduction at an arbitrary busbar j,
in terms of pre-existing VU level of the busbar where the STATCOM is connected









The change in the VU at busbar i (∆V2,i) with the STATCOM installed at busbar
j can be established by swapping i and j in (6.6). If the STATCOM admittances
and the pre-existing VU levels are the same for the two scenarios, as [Y++]−1i,j =
[Y++]
−1
j,i , the only factor that would determine the corresponding change in VU
would be [Y++]−1i,i or [Y++],
−1
j,j respectively. With the increasing short circuit level,
corresponding [Y++]−1i,i or [Y++]
−1
j,j terms decrease in magnitude, leading to an increase
in the effectiveness of the VU mitigation as in (6.6). Thus the VU mitigation is more
effective if the STATCOM is connected at a location where the short circuit level
is relatively high. Consequently, the locations where both the pre-existing VU and
short circuit levels are high are ideal candidates for the implementation of active
voltage unbalance mitigation.
6.2.3 Estimation of the Required Capacity of the STATCOM
The required rating of the STATCOM (SSTAT ) can be established using the two
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where, Vs,i and Is,i are the positive (s = 1) and negative (s = 2) sequence phase volt-
ages and the STATCOM line currents in sequence domain, respectively. Assuming
ideal operation (i.e. I1,i = 0), following relationship can be obtained for SSTAT .
SSTAT = 3Ue,iIe,i = 3
√

















. |V2,pre,i − V2,post,i|
≈ 3|V1,i|
|[Y ′++]−1(i,i)|
. |V2,pre,i − V2,post,i|
(6.9)
Therefore, a maximum theoretical limit for the STATCOM rating can be derived





According to (6.10), it can be seen that the mitigating same VU at a high short cir-
cuit level busbar would require a proportionally larger device. However, as explained
in Section 6.2.2, to obtain a better network wide response, it is always suitable to
target busbars with larger short circuit levels provided that the STATCOM has the
required capacity.
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6.3 A STATCOM Model in PSCAD Utilising a Modified
VCVS (Voltage Controlled Voltage Source) Control Strat-
egy
In order to verify the developed methodology in the determination of the network
wide VU improvement provided by active mitigation techniques, a STATCOM which
operates based on the modified voltage-controlled voltage source (modified VCVS)
operating strategy [8], was employed in the development of a PSCAD/EMTDC
model. According to the modified VCVS strategy:
Uc = −kULne−jβ + ULp (6.11)
where, ULn and ULp are the fundamental negative and positive sequence voltages at
the PCC and Uc is the voltage of the STATCOM. Amplifying factor k and rotating
factor β are control parameters of the STATCOM [8]. In order to detect the negative
and positive sequence components (ULn, ULp) of the PCC voltage to be used in
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components (U   )Lp
Figure 6.1: Detection of positive sequence voltage, adopted from [8]
Since the STATCOM generates an identical pre-existing positive sequence volt-






components (U    ) Ln
Figure 6.2: Detection of negative sequence voltage, adopted from [8]












where, Zc denotes the connecting impedance of the STATCOM with the utility grid.
In the STATCOM used in the simulations, Zc = j0.23 pu (based on a 100 MVA
base). Parameters k and β in (6.12) can be configured to give different magnitudes
and phase angles to the STATCOM negative sequence admittance. According to the
analysis presented in [8], if Zc is purely inductive, and if β = 0 lead to the best re-
sults in terms of VU mitigation for a given STATCOM power rating. Consequently,
throughout this study, the STATCOM is configured such that β = 0. Parameter k,
which can be varied to give different magnitudes to the admittance (Y22,STAT ) given
that the STATCOM possesses the required thermal capacity, has been varied from
−0.5 to 1.5 in 0.0025 steps in the simulations. It is to be noted that, the gener-
alised methodology explained in this chapter is not limited to the aforementioned
configurations and settings.
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6.4 Verification of the Methodology
The simulations were carried out in PSCAD/EMTDC in conjunction with MAT-
LAB, in order to verify the the proposed methodology. PSCAD/EMTDC based
STATCOM model discussed Section 6.3 was employed in the simulations. The re-
sults obtained though the proposed methodology were compared against the simula-
tion results. The findings related to two test systems are presented in the following
sections.
6.4.1 Verification of the Methodology: Three Bus MV Test System
A 3 bus MV test system adopted from [14] (of which the details are given in Appendix
A) was used for the verification of the methodology. In Fig. 6.3, pre-existing VU
level (V UFpre) is indicated corresponding to the base case scenario of which the
details are given in Appendix A.
Local VU mitigation provided by the STATCOM with different admit-
tances
The first set of simulations was carried out to verify the methodology developed
to determine the local VU abatement results obtained through the implementation
of active mitigation. Consequently, a scenario was developed with a STATCOM
connected at busbar 3. Simulations were carried out with (a) constant impedance,
(b) constant current and (c) constant power loads employing exponential load models
[89] to investigate the impact of the voltage-dependent loads in the network on
the accuracy of the estimation. A comparison of the estimated values obtained
employing (6.4) with the simulation results is given in Fig. 6.3 together with a
summary of the fit in Table. 6.1.
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Estimated Simulation results with constant imedance loads
Results with constant current loads Results with constant power loads
VUF
pre
Figure 6.3: V UFs (%) at busbar 3 for different STATCOM amplifying factors:
Comparison of the estimated V UFs (%) and the simulation results for different
load types
Table 6.1: R-square of simulation results for 3 bus MV test network with different
load types against the estimated results employing the proposed methodology
Goodness of fit
(R- square)
Constant impedance loads 0.993
Constant current loads 0.991
Constant power loads 0.983
The methodology in Section 6.2.1 was developed taking the impedance of the
loads into account and assuming the impedance would not change compared to the
change introduced by the STATCOM itself. Thus, simulation results with the con-
stant impedance loads show the best match between the cases (a),(b) and (c) as
stated above. As the loads deviate from the constant impedance behaviour corre-
sponding match with the estimations seems to diminish. However, it can be con-
cluded that, based on Table. 6.1, regardless of the voltage dependency of the loads
in the network, the proposed methodology is capable of estimating the VU improve-
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ment made by the STATCOM with an acceptable level of accuracy.
Network wide VU mitigation by the STATCOM
To verify the formulation for network wide VU mitigation, the results obtained with
k = 1.5 were used with the STATCOM installed at busbar 3. A comparison of the
estimated VU levels obtained through (6.5) with the simulation results are given
in Fig. 6.4, according to which the estimated results are in close agreement with
the simulation outcomes. Apart from the VU abatement of busbar 3 itself, busbar
2 which has relatively a low short circuit level seems to be a beneficiary of active
VU mitigation. However, busbar 1 which has a higher short circuit level, does not
seem to exhibit appreciable reduction in its VU level corresponding to the active






















Figure 6.4: Estimated and actual V UF (%) at busbars for a STATCOM installed
at busbar 3 (k = 1.5) together with pre-connection levels
The optimum location for active VU mitigation
To compare the network wide VU mitigation for different STATCOM locations,
three scenarios were developed by connecting the same STATCOM configured with
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an amplifying factor of 1.5 (i.e. k = 1.5) to busbars 1, 2 and 3 (A single STATCOM
installed at a given location is considered as a scenario). The results obtained in


















STATCOM at busbar 1
STATCOM at busbar 2
STATCOM at busbar 3
)
Figure 6.5: Network wide VU mitigation for different STATCOM installation loca-
tions
For different STATCOM installation locations, different busbars show different
levels of VU improvement depending on the corresponding elements of the negative
sequence admittance matrix as expressed in (6.6). In addition, the results presented
in Fig. 6.5 can be used to investigate the factors to be considered in deciding a
suitable location in the network for active VU mitigation as explained in Section
6.2.2. Accordingly, the best network wide VU mitigation occurs for STATCOM
installation at busbar 3 where both the pre-existing VU level and the short circuit
level are comparatively higher than those of the others. Although, busbar 2 has a
higher pre-existing VU level than busbar 3, the corresponding short circuit level is
lower, while the short circuit level at busbar 1 is higher but the pre-existing VU is
lower. Consequently, busbar 3 makes the best location for the STATCOM configured
VU mitigation, followed by 2 and 1, respectively.
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Figure 6.6: Measured VU levels for modified IEEE 14 test network
6.4.2 Verification of the Methodology: IEEE 14 Bus Test System
The proposed methodology was applied to the IEEE 14 bus standard test network
with certain modifications [14]. In Fig. 6.6, measured VU levels of the modified test
network for the base case scenario are presented. Specific details of the test network
are given in Appendix B. The results obtained for different simulation cases are
compared against the estimations made employing the proposed methodology.
VU mitigation provided by a STATCOM with different admittances
To verify the local VU mitigation as given in (6.4), a scenario was developed with a
STATCOM connected at busbar 9. Simulations were carried out with (a) constant
impedance, (b) constant current and (c) constant power loads employing exponential
load models [89] to investigate the impact of the voltage-dependent loads in the
network on the accuracy of the estimation. A comparison of the estimated values
obtained through (6.4) with the simulation results are given in Fig. 6.7 and a
summary of the fit in Table. 6.2. As the methodology in (6.2) is developed taking the
impedance of the loads into account and assuming the impedance would not change
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compared to the change introduced by the STATCOM itself, simulation results with
the constant impedance loads show the best match between the cases (a),(b) and (c)
as stated above. As the loads deviate more from the constant impedance behaviour,
corresponding match with the estimations is seen to diminish, similarly to the results
with the 3 bus test network presented in the previous section. However, it can be
concluded that based on Table 6.2, regardless of the voltage dependency of the loads
in the network, the proposed methodology is capable of estimating the VU correction
provided by a STATCOM with an acceptable level of accuracy.















Results with constant current loads
VUF
pre
Simulation results with constant impedance loads
Results with constant power loads
Figure 6.7: V UFs (%) at busbar 9 for different STATCOM amplifying factors:
Comparison of the estimated V UFs (%) and the simulation results for different
load types
Table 6.2: R-square of simulation results for IEEE 14 bus test network with different
load types against the estimated results employing the proposed methodology
Goodness of fit
Simulation results with constant impedance loads 0.999
Simulation results with constant current loads 0.991
Simulation results with constant power loads 0.986
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Figure 6.8: Estimated and actual V UF (%) at busbars for a STATCOM installed
at busbar 9 (k = 1.5)
Network wide VU mitigation caused by a STATCOM
To verify the formulation for network wide VU mitigation, the results obtained with
k = 1.5 were used with the STATCOM installed at busbar 9. A comparison of the
estimated VU levels obtained through (6.5) with the simulation results are given in
Fig. 6.8, according to which the estimated results are in close agreement with the
simulation outcomes. The benefactor busbars in terms of their VU levels are busbar
9 itself and busbars 10, 11 and 14 which have relatively lower fault levels compared
to that of busbar 9 and in the close vicinity of busbar 9, as expected.
The optimum location for active VU mitigation
To compare the network wide VU mitigation for different installation locations, four
scenarios were developed by connecting the same STATCOM configured with an
amplifying factor of 1.5 (i.e. k = 1.5) to the busbars 9, 10, 11 and 14 (A single
STATCOM installed at a given location is considered as a scenario). The results are
shown in the Fig. 6.9.
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STATCOM at busbar 9
STATCOM at busbar 10
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Figure 6.9: Network wide VU mitigation for different STATCOM locations
For different STATCOM installation locations, different busbars show different
levels of VU corrections depending on the corresponding elements of the negative
sequence admittance matrix as expressed in (6.5). In addition, the results presented
in Fig. 6.9, can be used to investigate the factors to be considered in order to
decide a suitable location in the network for active VU mitigation as explained
in Section 6.2.2. Accordingly, the best network wide VU mitigation occurs for
STATCOM installed at busbar 9 where both the pre-existing VU level and the
short circuit level are comparatively higher than those of the others. Although, the
other busbars (10, 11, 12, 14) indicate greater pre-existing VU levels than busbar
9, the corresponding short circuit levels are lower. In other words, the VU correction
effect tends to propagate from upstream (ie. a location with a larger fault level) to
downstream (ie. a location with a smaller fault level) more easily than vice-versa.




An analytical approach to determine the local and the network wide VU improve-
ment provided by a STATCOM configured for VU mitigation was proposed in this
chapter. This chapter also provided an overview of the underlying network related
factors which make a particular location in the network suitable for implementation
of active VU mitigation, thereby providing a guide for selecting the most appropriate
location. A generalised framework to determine the rating of a STATCOM based
on the network properties and the measurements at the PCC was developed. It was
found that mitigating VU at a busbar would require a proportionally larger device
to the short circuit level of the busbar. However, the locations with both large
short circuit levels and pre-existing VU levels, were identified as the best candidate
locations for implementation of active VU mitigation, considering the network wide
better performance.
A STATCOM model was developed in PSCAD/EMTDC employing a modi-
fied voltage controlled voltage source strategy, configured to mitigate network VU.
Moreover, an overview of the control strategy used in the model development was
presented using appropriate control block diagrams. For the verification of the an-
alytical approach developed in this chapter, the developed STATCOM model was
employed. Simulations were carried out considering different load types with varying
degree of voltage dependency, in order to verify the robustness of the methodology.
In addition, to obtain different STATCOM operating conditions, the studies were
carried out using a range of STATCOM admittances. Estimated results were found
to be in close agreement with the simulation results for a wide range of studies car-
ried out. Although a single STATCOM control strategy was used for the purpose of
verification, the developed approach is general such that it is applicable for VU mit-
igation associated with any STATCOM regardless of the network conditions or the
control strategy used. The methodology presented in this chapter can be extended
to determine the VU improvement provided by other mitigation options such as ap-
propriately configured smart inverters of three phase distributed generators, which
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can be identified as a future direction of the work presented.
Chapter 7
A Case Study on Different VU
Mitigation Approaches applied to a
66 kV Sub-Transmission Test
Network
7.1 Introduction
This chapter presents a case study on the application of different VU mitigation
options to a 66 kV Australian sub-transmission network. It has been reported that
this network exhibited significant VU levels which exceeded the stipulated limits in
the applicable code. The stipulated limits require the VU to be limited to 1% at
the point of connection of three-phase installations where as it has been observed
VU levels around 2% during peak demand periods. Detailed overview of the test
network in terms of network wide VU levels and their potential contributors are
given in Section 7.3.
Apart from the VU mitigation options based on the suppression of their sources,
application of active VU mitigation techniques to correct the unbalance are discussed
in terms of a simple circuit theory explanation. In line with that, a selection of
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appropriate VU mitigation options depending on the context and the characteristics
of the network are discussed.
The STATCOM model developed in Chapter 6 based on modified VCVS [8]
is employed to illustrate active VU mitigation. A comparative study of different
VU mitigation techniques are presented attributing variations of the corresponding
results to the characteristics of the test network. In addition, the response of the
network wide VU correction depending on the STATCOM installation location is
investigated highlighting the underlying governing factors discussed in Chapter 6.
7.2 A Simple Circuit Theory Explanation behind Different
VU Mitigation Options
VU mitigation techniques applicable to a network could be broadly categorised into
two: suppression of the sources which give rise to excessive VU levels and the plan-










Figure 7.1: Equivalent negative sequence circuit representation to illustrate VU
management and mitigation techniques
In order to illustrate VU management and mitigation techniques, equivalent cir-
cuit of the network presented in Fig. 7.1 can be used. It can be described as the
Thevenin equivalent circuit of an unbalanced network with respect to a point of eval-
uation (PoE). U2 can be identified as the equivalent unbalanced source which rep-
resents all sources which contribute to the network VU and Z22t and Z22,L represent
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the equivalent negative sequence impedance of the line and the load, respectively.
Further, Z22,UM represents the negative sequence impedance of a VU mitigation de-
vice connected at the PoE. Although it is shown here as a passive impedance, in
fact it is the effective negative sequence impedance of a controllable active device
such as a STATCOM.
The negative sequence voltage at the PoE (V2,PoE) can be written as;
V2,PoE =
Z22L.Z22,UM
Z22t(Z22,UM + Z22,L) + Z22,UM .Z22,L
.U2 (7.1)
Using (7.1), a qualitative explanation for the variation of V2,PoE with Z22,UM can













Figure 7.2: Variation of V2,PoE with Z22,UM
According to Fig. 7.2, as the negative sequence impedance of the VU mitigation
device decreases, VU at PoE decreases, illustrating the effective unbalance mitiga-
tion. However, due to practical limitations, there exists a minimum possible value
for sequence impedance (Z22,UM) that the mitigation device can provide. The above
explanation also applies to unintentional VU attenuating devices such as three-phase
induction motors and three-phase distributed generators of which Z22,UM cannot be
easily controlled as in the case of active mitigation devices. Furthermore, as illus-





which is the negative sequence voltage at PoE in the absence of the mitigation
device.
In simple terms, the practices put in place to reduce VU will always have an
effect (mostly a favourable one) on U2 as given in (7.1). If there is only a single or
few sources leading to problematic VU levels on a network wide sense, an effort to
suppress those contributors would be an appropriate approach to manage the VU
problem. With regard to a single load which is problematic from a VU perspective,
application of active VU mitigation technique locally or near to that load is common
in practical networks.
7.3 An Overview of the 66 kV Sub-Transmission Test Net-
work
7.3.1 Introduction to the Test System
The 66 kV sub-transmission test network [9] under study is shown in Fig. 7.3, of
which the network data is given in Appendix C. Busbar S1 is connected to the EHV
transmission system and is the bulk supply point where the VU has been measured
to be negligible. Some transmission lines in the network are longer than 50 km and
are not systematically transposed as it is not the normal practice at 66 kV voltage
level to transpose lines. Consequently, despite the stipulated limits, busbars S7, S8
and S9 which are load busbars have been reported with VU levels as high as 1.8 %.
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Figure 7.3: 66 kV sub-transmission test network [9]













Figure 7.4: Measured VU levels for 66 kV sub-transmission test network [9]
Fig. 7.4 illustrates the measured VU levels corresponding to the selected time
stamp in this study. Appendix C gives a detailed overview of the corresponding
operating conditions with respect to the selected time stamp.
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7.3.2 VU Sources and their Contributions
In [9], a study is presented on the network in which individual sources of VU is
taken into account one at a time and obtaining the network wide VU caused by
each of them, thus exploiting linearity of the voltage unbalance behaviour of sources
of unbalance. Both the impact of load unbalance and network inherent asymmetry
were discussed independently.
Emission assessment equations developed in [14] to decompose individual con-
tributions made by different sources were employed in [46] to determine the VU
sources and their contributions to the network. In [9], an approach utilising a re-
sultant emission vector is presented to determine the influence of each individual
line on the overall network VU. Chapter 2 explained the aforementioned techniques
found in relevant treatise in detail.
Corresponding to the load unbalance and its impact on network wide VU levels,
the two major governing factors were discussed in [9]; degree of asymmetry of the
load and the point of connection, which are in-line with the findings of the Section
3.4. Similarly, the governing factors which make an untransposed line influential
on network VU: the loading level of the lines, their degree of asymmetry and their
location in the network were discussed in Section 4.3.
Table. 7.1 gives the VU levels of the original network and separation of contri-
butions made by the load unbalance and line asymmetry. The corresponding results
are illustrated in Fig. 7.5 according to which line asymmetry has a stronger impact
on VU than load unbalance [46, 9]. Consequently, with transposition of the lines
the network wide VU levels have been noted to substantially reduce.
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Table 7.1: Comparison of VUF levels (%) of the 66 kV sub-transmission network
(a) original network (b) network with balanced loads and untransposed lines (c)










S2 0.76∠− 145.49 0.58∠− 128.4 0.25∠171.21
S3 0.12∠− 160.18 0.08∠− 163.88 0.04∠− 154.09
S4 0.5∠− 134.7 0.39∠− 106.72 0.22∠173.39
S5 0.29∠− 112.37 0.27∠− 75.97 0.17∠− 179.91
S6 1.26∠− 159.9 0.98∠− 137.83 0.49∠149.35
S7 1.31∠− 153.96 1.05∠− 127.79 0.57∠149.65
S8 1.76∠− 159.31 1.35∠− 125.08 0.96∠146.66
S9 1.91∠− 158.12 1.46∠− 125.79 1∠148.12














Network with untransposed lines and balanced loads
Network with transposed lines and unbalanced loads
Figure 7.5: An overview of VU sources and their contributions: (a) original network
(b) network with balanced loads and untransposed lines (c) network with transposed
lines and unbalanced loads
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7.4 VU Mitigation in the 66 kV Sub-Transmission Test Net-
work
7.4.1 Application of Different VU Mitigation Techniques
The VU mitigation options which were applied to the 66 kV sub-transmission net-
work under study are given below;
• M1: Balancing of loads
• M2: Transposition of line I (which is found to be the most problematic line in
terms of VU emission [9])
• M3: Transposition of lines I & F (F being the next problematic in terms of
VU emission [9])
• M4: Application of active VU mitigation at busbar S6 (an upstream busbar
with a significant pre-existing VU level)
Simulations were carried out using the unbalanced load flow program developed
in MATLAB [1]. According to the results presented in [9], lines I and F are the
most influencing untransposed lines on network wide VU. Consequently, the trans-
position of the line I only and transposition of both I and F, are considered as two
potential VU mitigation techniques, in this exercise. As for the active VU mitigation
technique, a STATCOM configured based on modified VCVS [8] with an amplifying
factor (k) of 1.5 is used. Busbar S6 is chosen as the STATCOM location, as it has
a high pre-existing VU level and short circuit level making it a candidate location
for the application of active VU mitigation as explained in Chapter 6. The results
obtained with different VU mitigation options applied are illustrated in Fig. 7.6 and
the corresponding numerical data are presented in Table. 7.2.
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 Original network without any mitigation techniques
 Balancing of loads (M1)
 Transpostion of line I (M2)
 Transpostion of line I and F (M3)
 Connection of a STATCOM at busbar S6 (M4)
Figure 7.6: Comparison of the voltage unbalance improvements achieved through
different VU mitigation techniques
Table 7.2: Network-wide VUFs (%) following the application of different mitigation
options (M1 : Balancing of loads, M2 : Transposition of line I, M3 : Transposition
of line I & F, M4 : Application of active VU mitigation at Busbar S6)
Busbar V UFOriginal(%) V UFM1(%) V UFM2(%) V UFM3(%) V UFM4(%)
S2 0.76∠− 145 0.58∠− 128 0.63∠− 138 0.36∠− 143 0.39∠134
S3 0.12∠− 160 0.08∠− 164 0.1∠− 159 0.15∠− 154 0.07∠170
S4 0.5∠− 135 0.39∠− 107 0.47∠− 131 0.26∠− 134 0.22∠90
S5 0.29∠− 112 0.27∠− 76 0.28∠− 107 0.13∠− 90 0.2∠46
S6 1.26∠− 160 0.98∠− 138 0.77∠− 149 0.45∠− 162 0.38∠160
S7 1.31∠− 154 1.05∠− 128 0.81∠− 140 0.44∠− 149 0.33∠150
S8 1.76∠− 159 1.35∠− 125 1.09∠− 150 0.66∠− 165 0.37∠− 83
S9 1.91∠− 158 1.46∠− 126 1.22∠− 150 0.77∠− 163 0.44∠− 87
As the network experiences excessive VU levels mostly due to network inherent
line asymmetry, the balancing of the loads is seen to be the least effective mitigation
option. The two most effective options are seen to be the transposition of the lines
I and F and application of active VU mitigation at busbar S6.
By transposing the two most problematic lines which contribute to VU, a rea-
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Table 7.3: Percentage change of VU for transposition of line I & F and active VU
mitigation at busbar S6









sonable improvement of network VU can be established as summarised in Table 7.3.
Busbar S7 at downstream is seen to be the best benefactor through the scheme.
However, busbar S3 at which the pre-existing VU level was mostly due to load un-
balance does not seem to demonstrate a benefit associated with the transposition of
the lines.
In contrast, by installing a STATCOM at busbar S6, pre existing VU levels have
been substantially reduced regardless of the type of original contributors to VU.
Busbar S6 is seen to be the best benefactor which is the local busbar. Other than
that, busbars which are in close vicinity and at the downstream of busbar S6 are
seen to benefit the most.
7.4.2 Optimum Location for Active VU Mitigation
In order to compare the VU mitigation provided by a STATCOM installed at a
selected location, five candidate locations S2, S3, S4, S6 and S9 were considered.
The corresponding results are shown in Fig. 7.7.
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STATCOM at busbar S3
STATCOM at busbar S4
STATCOM at busbar S2
STATCOM at busbar S9
STATCOM at busbar S6
Figure 7.7: Network wide VU mitigation with different STATCOM locations
The most effective location for the STATCOM which gives the best network wide
VU mitigation, is busbar S6 as can be seen from the results. The next best location
is S9 followed by S2. Therefore, the locations where pre-existing VU levels are
comparatively high always appear to be good candidate locations for implementation
of active VU mitigation. This observation can be explained using the fact that the
locations where pre-existing VU levels are high, are usually the locations where the
VU sources are located in the close vicinity. Therefore, by introducing a low negative
sequence impedance as close as possible to the disturbing sources, the corresponding
adverse effects of the VU sources will not propagate farther. Consequently, the least
effective location for STATCOM installation is S3, as can be seen in Fig. 7.7.
Another important observation that can be made based on the results is that, VU
reduction imparted by a STATCOM propagates much more easily to downstream
than to the upstream. Consequently, even though the pre-existing VU at S9 is
higher compared to that at S6, the VU improvement which takes place as a result of
installing the STATCOM at busbar S6 is better than that installed at S9. However,
a STATCOM at S2 which is located at an upstream location compared to S6 is not
as effective as that at S6, due to its smaller pre-existing VU level. This is in line
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with the findings of Chapter 6, that the ideal candidate locations are busbars where
the both pre-existing VU and short circuit levels are comparatively high.
7.5 Chapter Summary
A comparative analysis of VU mitigation techniques giving a special attention to
the application of STATCOM based active VU mitigation was presented in this
chapter. A case study was presented based on a practical 66 kV Australian sub-
transmission network which has been observed to experience excessive VU levels
during peak demand periods. The effectiveness of different mitigation techniques was
discussed attributing the resultant VU improvement made by them to the context
and underlying characteristics of the test network.
A simple circuit theory explanation of the theory behind different VU mitigation
which was established in this chapter, provides a clear understanding on different VU
mitigation options. Moreover, an overview of the sensitivity of the VU improvement
provided by a STATCOM employing its negative sequence impedance was presented.
Active mitigation devices were found to be more effective in achieving better
network wide VU reduction, given that those devices are installed at the most ap-
propriate locations. VU improvement imparted by active VU mitigation found to be
propagate much more easily to downstream than to the upstream of the location of
the device. It was further verified based on the findings pertaining to the case study
that the best candidate locations for the implementation of active VU mitigation
are the locations where both the pre-existing VU levels and the short circuit levels
are high.
Chapter 8
Development of a Generalised
Voltage Unbalance Transfer
Coefficient for Active Networks
8.1 Introduction
With the gradual transition of passive networks into active networks, formulation
related conventional VU management needs to be revisited. One such example is the
VU transfer coefficient which examines the degree of voltage unbalance attenuation
in radial networks [4] where only passive loads are connected whereas in active
networks not only passive loads are connected at various bus bars but there will
also be active generating sources (eg. large solar and wind farms). The simple
VU transfer coefficient applicable for radial lines that is described in [4] takes into
account passive and dynamic loads such as induction motors only and requires a
fresh treatment to accommodate for active generating sources. With such generating
sources interfaced via power electronic converters (inverters), it is vital to investigate
how their controllability can be used to manage the network VU while ensuring that
they will not be adversely affected by the VU levels in the network. It is evident that
active sources with versatile controllability are becoming common thus justifying the
above fresh treatment [78, 15, 79, 80]. This chapter aims at developing a generalised
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VU transfer coefficient which can accommodate the effect of three-phase distributed
generators in networks.
As the first step in the development of a generalised voltage unbalance transfer
coefficient, this chapter develops an alternative VU transfer coefficient based on an
aggregated load model which accounts for the concurrent existence of several VU
attenuating passive devices thus extending the present VU transfer coefficient [4].
In the second step, sequence domain models are developed for three-phase inverters
(eg voltage source converters) taking into account their virtual representations to be
consistent with the parametric requirements of the aggregated load model above.
This chapter examines the level of VU compensation that depends on different
strategies employed to control the inverters. Therefore, the findings presented are
relevant not only in relation to VU management practices but also in the effective
control of inverter-based distributed generators under prevailing voltage unbalance
conditions in power systems.
8.2 A Generalised VU Transfer Coefficient Based on an Ag-
gregated Load Model
The VU transfer coefficient given in IEC/TR61000-3-13 [4] accounts only for the
presence of composite three-phase induction motor loads and other composite pas-
sive loads and lacks the provision to incorporate concurrently existing multiple VU
attenuating devices. Consequently, this section develops a refined VU transfer co-
efficient which can account for several such loads and devices. An aggregated load
model at the busbar of interest will be utilised in deriving this refined form of the
VU transfer coefficient employing quite a few notations used in [4] to maintain some
consistency.
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8.2.1 An Aggregated Load Model
In order to develop an aggregated load model at a busbar of interest, the equivalent
















Figure 8.1: Aggregated load model of n loads at the point of evaluation (PoE)
Let,
Z1,iL : Positive sequence impedance of load i (i = 1....n)
ks,i : Ratio of positive sequence impedance to negative sequence impedance of load
i (i = 1....n)
Z1,eq : Equivalent positive sequence impedance of the aggregated load
Z2,eq : Equivalent negative sequence impedance of the aggregated load
ks,eq : Ratio of positive sequence impedance to negative sequence impedance of the
aggregated load
km,i : Ratio of complex power of ith load to total load (where
∑n
i=1 km,i = 1)
Therefore,
Z1,eq = ks,eqZ2,eq (8.1)
where























By substituting (8.2), (8.3) and (8.4) in (8.1) and rearranging the terms, a relation-







km,i = 1 (8.5)
It is important to note that (8.5) is a phasor equation and phase angles of km,i
and ks,i terms can play a vital role depending on the nature of the loads. However,
if the power factor of the VU attenuating load falls in the same range as the power
factor of the rest of the loads, the corresponding km,i term can be approximated to
a real number. Similarly, depending on the sequence domain characteristics of the
VU attenuating loads, ks,i term needs to be evaluated.
8.2.2 An Aggregated Voltage Unbalance Transfer Coefficient
Based on the aggregated load model, the propagated negative sequence voltage from
upstream to the PoE (V2,PoE) can be obtained, using the equivalent circuit shown








Similarly, positive sequence voltage at PoE (V1,PoE) can be written in terms of






IEC unbalance transfer coefficient (T ) which is defined using voltage unbalance
factors can be written as the ratio of the downstream VUF to the upstream VUF










Therefore, a more generalised unbalance transfer coefficient (TAggregated) can be de-
rived taking into account the aggregated load model developed in Section 8.2.1.
Hence, by substituting (8.6) and (8.7) in (8.8) and rearranging the terms, TAggregated





ksc is conventionally defined as the ratio between the short circuit power at LV
busbar (in MVA) and the total load (in MVA) connected at that busbar in [4].
However, in order to account for the associated phasor details, ksc can be redefined












where, ks,eq is defined in (8.5). It is evident that, (8.11) can be used to obtain prop-
agation of voltage unbalance from upstream to downstream, when there are several
VU attenuating loads at downstream. In addition, if there are any active devices
such as inverter based distributed generators, the corresponding effect on VU can be
obtained based on their virtual representation as equivalent loads. It is just a matter
of establishing the terms, ks,i and km,i corresponding to such devices at downstream,
in order to incorporate their effect on the aggregated transfer coefficient.
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8.2.3 Link between the Generalised VU Transfer Coefficient and the
IEC VU Transfer Coefficient
The relationship obtained for the generalised aggregated transfer coefficient of (8.11)
can be used to deduce the conventional IEC voltage unbalance transfer coefficient.
In TAggregated given in (8.11), the variable km terms are embedded within ks,eq as
given in (8.5). In order to derive IEC voltage unbalance transfer coefficient using
TAggregated, a situation where the PoE only contains a fraction of IMs equal to km and
remaining being passive loads can be considered. Assuming the positive sequence to
negative sequence impedance ratio of IMs to be ks as in the case with conventional
VU transfer coefficient, the corresponding ks,eq for the aforementioned situation can
be found using (8.5) as;
ks,eq = km.ks + (1− km) (8.12)
By substituting (8.12) in (8.11), the corresponding transfer coefficient (TIM), can









8.3 Incorporation of Inverter-based Distributed Generators
into the Aggregated VU Transfer Coefficient
Based on (8.11), any active or passive device which assist in attenuating network
VU can be incorporated into the generalised unbalance transfer coefficient by de-
termining the corresponding ks,i and km,i. When active devices such as three-phase
distributed generators are considered, challenge lies in determining the equivalent
parameters, as they are conventionally defined for passive devices. Consequently,
the Section 8.3.1 aims at developing the expressions for the two parameters ks,i and
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km,i for an inverter based distributed generator, taking into account their virtual
representation as loads.
8.3.1 Sequence Domain Models for Inverter-based Distributed Gener-
ators
Equivalent km,i for Distributed Generators
In order to develop a relationship for the ratio between the distributed generation









Figure 8.2: Equivalent circuit for the derivation of kmDG at the Point of Evaluation
(PoE)
where,
SL : Complex power of the passive load connected at PoE
SDG : Complex power of the total distributed generation connected at PoE
ST : Net load connected to PoE (SL − SDG)
kmDG : Ratio between the complex power of the distributed generation and the
total load at downstream


















Depending on the associated power factors of the passive loads and the dis-
tributed generators, kmDG can be a vector. However, if the total of distributed
generation and passive loads roughly have the same power factor, kmDG can be ap-
proximated to a negative real number. As anticipated, negative sign of (8.15) is
associated with the fact that kmDG is conventionally defined pertaining to passive
loads such as induction motors.
Equivalent ks,i for Inverter-based Distributed Generators
Control strategies of inverter based three-phase distributed generators operating in
networks with VU is a topic of current interest to researchers and manufacturers of
such generators. As can be appreciated, based on the control approach, unbalance
compensation of the inverters essentially differ from each other. However, based on
the control objectives, present day inverters can be categorised into three types [15].
The strategy in the first group aims at protecting the converter from the potential
adverse effects of supply VU by canceling oscillations in the instantaneous active
power. Although the compensation of grid VU arises as a by product, it is not
controllable in the first group. The second category in contrast, focuses specifically
on compensating the grid VU. Consequently, a controlled VU compensation can be
established as a result. In [15], a novel control strategy is proposed by combining
the attributes of the above groups, which can be identified as the third group,
which allows adjustable VU compensation subjected to minimisation of active power
oscillations.
In order to incorporate the effect of inverter-based distributed generators into
(8.5), an expression for positive to negative sequence impedance ratio needs to be
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developed utilising virtual impedances of the inverter-based distributed generators
considering them as passive loads. Accordingly, this section aims at determining the
equivalent ks,i for distributed generators with different control strategies covering
the aforementioned categories. Consequently, inverters based on following control
approaches are used in the analysis and verification:
• Balanced current source
• Control strategy which suppresses the active power oscillations
• Combined control strategy which minimises active power oscillations subjected
to controlled VU compensation [15]
Fig. 8.3 illustrates a snapshot of sequence domain voltages and currents at t = t1
at the PoE of a three-phase inverter-based distributed generator which can be used to
analyse instantaneous active power oscillations (p
DG
(t)), where i1,DG(t) and i2,DG(t)
are its positive and negative sequence current space vectors. Similarly, v1,PoE(t)
and v2,PoE(t) are the positive and negative sequence space vectors of PoE voltage.
The magnitudes of the voltage space vectors are considered to be V1,PoE and V2,PoE
and magnitudes of current space vectors are considered to be I1,DG and I2,DG in the
derivations. Due to the three-wire construction, zero sequence currents do not exist.
In addition, in this analysis, zero sequence voltages are assumed to be negligibly
small.
Figure 8.3: A snapshot of the sequence domain currents and voltages at t = t1 at
PoE of a three-phase distributed generator
Hence, a relationship for the instantaneous active power (p
DG
(t)) can be written
144












Active power output of the inverter-based distributed generator at t = t1 (pDG(t1))
can be written as in (8.17).
p
DG
(t1) = V1,PoE.I1,DG cos(α) + V2,PoE.I2,DG. cos(β)
+ V2,PoE.I1,DG. cos(2ωt1 − α) + V1,PoE.I2,DG cos(2ωt1 + β)
(8.17)
Noting that, V1,PoE.I1,DG cos(α) >> V2,PoE.I2,DG. cos(β), α can be considered as
the power factor of the inverter-based distributed generator1. Further, it can be
shown that the oscillations in the instantaneous active power can be cancelled by
controlling i1,DG(t) and i2,DG(t) such that,
v1,PoE(t)/i1,DG(t)
v2,PoE(t)/i2,DG(t)
= 1∠(π − 2α) (8.18)
A detailed derivation of (8.18) is given in Appendix E. Similarly, with the combined
control strategy which was suggested in [15], it can be shown that the corresponding
impedance ratio is equal to r∠(π − 2α), r ∈ R0,+. Consequently, the resultant VU
compensation can be controlled, by controlling r. In contrast, with the balanced cur-
rent controlled approach, I2,DG = 0, which makes sequence impedance ratio (ks,DG)
equal to zero. A comparison of ks,DG with respect to different control approaches is
given in Table 8.1, summarising the findings.
1Sign convention used for α: + for leading power factor, − for lagging power factor
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ks,DG 0 1∠(π − 2α) r∠(π − 2α), r ∈ R0,+
8.3.2 VU compensation Provided by Inverter-based Distributed Gen-
erators
As elaborated in Section 8.3.1, depending on the control strategy employed and
operating power factor of inverter-based distributed generators, the corresponding
kmDG and ksDG can be determined based on (8.15) and Table 8.1. Resultant VU
transfer coefficient can be thereby derived by substituting kmDG and ksDG in (8.11).
In general, (8.11) is a phasor equation and relative angles between kmDG, ksDG and
ksc need to be considered.
In order to make an approximate comparison, a case where a distributed gener-
ator operates at unity power factor (α = 0) is considered in the following example.
In addition, the rest of the loads connected to the PoE are also assumed to have
unity power factor. Consequently, kmDG can be approximated to a negative real
number. Using these, an approximate comparison of VU transfer coefficient (TDG)
with distributed generators employing different control strategies can be compared
as given in Table. 8.2.
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Table 8.2: Example expressions for TDG with inverter-based distributed generators













ks,DG 0 −1 −r, r ∈ R0,+


















8.4 Verification of the Methodology
8.4.1 An Equivalent PSCAD/EMTDC Model for Inverter-based Dis-
tributed Generators
In order to verify the developed methodology, an equivalent model for inverter based
distributed generators was developed in PSCAD/EMTDC. The model includes two
balanced current sources (positive and negative sequence) as shown in Fig. 8.4 which
can be independently controlled. In the developed model, the positive sequence
current source is configured to operate based on the active power set point, power
factor and the positive sequence voltage feedback at the PoE 2. Negative sequence
current source in contrast, can be configured to minimise the active power ripple,
correct the unbalance in a controlled manner or both to a certain extent, depending
on the control objective.
2It is assumed that V1,PoE .I ′1,DG >> V2,PoE .I
′
2,DG, and the negative sequence active power
component is neglected.
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Figure 8.4: Single line diagram of the equivalent model developed for inverter based
distributed generators
In order to verify the optimum magnitude and the angle of i2,DG(t) with respect
to v2,PoE(t) which give the minimum ripple in active power, satisfy the condition
specified in (8.18), two sets of simulations were carried out for each different operat-
ing power factor of the distributed generator. Only the simulation results obtained
for 0.8 leading power factor case are included here in Figures 8.5 and 8.6 for brevity.
The first set of simulations was carried out by controlling i2,DG(t) such that angle
between i2,DG(t) and v2,PoE(t) is maintained at (π − α) (therefore angle of ks,DG at
π − 2α (= 106◦)) and changing the magnitude of ks,DG from 0 to 2 in 0.5 steps.
The results are shown in Fig. 8.5, according to which the active power ripple is
minimised when |ks,DG| = 1.
Similarly, in the second set of simulations the separation between i2,DG(t) with
respect to v2,PoE(t) was varied while maintaining |ks,DG| = 1. The corresponding
results are shown in Fig. 8.6 where the best ripple suppression can be observed
when ks,DG = 1∠106◦ (= 1∠(π − 2α)).
Therefore, the simulation results confirm that the ripple in the instantaneous
active power can be minimised by controlling the negative sequence current such
that the angle between i2,DG(t) and v2,PoE(t) is maintained at (π − α), hence the
angle of ks,DG at π−2α(= 106◦). In addition, the ripple can be completely suppressed
by maintaining |ks,DG| = 1, as summarised in Table 8.1. Accordingly, to simulate
the three different control objectives listed, negative sequence current source of the
PSCAD model developed was maintained at 0, 1∠(π−α) and r∠(π−α) with respect
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to v2,PoE(t), respectively, in Section 8.4.2.
Figure 8.5: Active power ripple for different magnitudes of ks,DG (while angle be-
tween v2,PoE(t) and i2,DG(t) controlled at (π − α), i.e. angle of ks,DG at (π − 2α),
where α = cos−1(0.8) )
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Figure 8.6: Active power ripple with varying angle between v2,PoE(t) and i2,DG(t)
(while |ks,DG| is controlled at 1 throughout) for the distributed generator operating
at 0.8 leading power factor
8.4.2 Unbalance Correction Provided by Inverter-based Distributed Gen-
erators Employing Different Controls Strategies
Equivalent inverter-based distributed generator model established in the previous
section can be employed to verify the theoretical findings related to unbalance cor-
rection provided by distributed generators when they use different control strategies.
In other words, following the discussion on how the inverters minimise the impact
of grid VU on them as discussed in Section 8.3.2, this section aims at verifying the
findings related to how the external grid sees the operational behaviour of different
inverter based distributed generators in terms of network VU compensation.
To compare the unbalance correction provided by distributed generators employ-
ing different control strategies, simulations were carried out with different propor-
tions of generators at downstream. A 3 bus MV test network (details are given
in Appendix A), with a distributed generator with different control strategies con-
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nected at busbar 3 (PoE) was used as the test system. VU levels were monitored at
bubsar 3 for the scenarios with different percentages of distributed generators con-
nected at PoE. Distributed generation was increased in 0.5 MVA steps maintaining
it at unity power factor. The passive loads connected to busbar 3 were scaled up
proportionately to maintain the net demand at busbar 3 at a constant at 6 MVA
with a unity power factor. Three sets of simulations were carried out with short
circuit levels (ksc ≈ 5 , 10 and 20) by scaling up the lengths of the transmission
lines accordingly as summarised in Table 8.3. x/r ratio of the Thevenin equivalent
impedance as seen at busbr 3 (PoE) is 3.7532.
Simulation results for ksc = 5, 10 and 20 comparing the theoretically expected
variations are illustrated in Figures 8.7, 8.8 and 8.9, respectively.
Table 8.3: Scaling factors used with transmission lines of 3 bus MV test system in
order to obtain different ksc values at PoE




























= 0, Simulation results
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s,DG
= -1, Simulation results
k
s,DG
= -2, Simulation results
Figure 8.7: Variation of TDG (for ksc = 5) for varying levels of inverter-based dis-
tributed generators at PoE employing different control strategies: Comparison be-
tween theoretical relationship and the simulation results
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= -2, Simulation results
Figure 8.8: Variation of TDG (for ksc = 10) for varying levels of inverter-based
distributed generators at PoE employing different control strategies: Comparison
between theoretical relationship and the simulation results






























= -2, Simulation results
Figure 8.9: Variation of TDG (for ksc = 20) for varying levels of inverter-based
distributed generators at PoE employing different control strategies: Comparison
between theoretical relationship and the simulation results
Based on the results presented in Figs. 8.7, 8.8 and 8.9, a good agreement can be
seen between simulation results and theoretically outcomes. As the |ks,DG| increases
the resultant VU attenuation increases as expected. Accordingly, the best improve-
ment in VU is observed when the ks,DG = −2 out of the three control scenarios
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considered. Therefore, the control strategies which give the best improvement to
least improvement in network VU can be arranged as follows;
• Combined control strategy which minimises active power oscillations subjected
to controlled VU compensation [15]
• Control strategy which suppresses the active power oscillations
• Balanced current source
In addition, when the inverter based distributed generator is connected at a
busbar with a lower short circuit level the corresponding improvement in unbalance
is much greater compared to the case where it is connected to a busbar with a higher
short circuit level as anticipated.
8.5 Chapter Summary
A comprehensive VU transfer coefficient was developed in order to cater for active
networks which were once passive distribution networks. As the conventional VU
transfer coefficient does not have the provision to account for the simultaneous
existence of a range of attenuating devices at downstream, a novel transfer coefficient
was developed which takes into account an aggregated load model. In order to
incorporate three phase inverter-based distributed generators into the developed
transfer coefficient, sequence domain models were developed for them taking into
account their virtual representations as negative loads.
The attenuating effect of VU associated with inverter-based three-phase dis-
tributed generators is dependent on the inverter control strategies employed as dis-
cussed in the chapter. Selection of an appropriate control strategy is a compromise
between the minimisation of the adverse effects of network VU on the generator and
the expected compensation of the pre-existing VU provided by generator. Accord-
ingly, a detailed discussion on the implications of different control approaches of
distributed generators on the network and for their own safe operation, was given.
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Moreover, based on the findings of the chapter, a novel control strategy was deduced
for inverter-based distributed generators operating in networks with already existing
VU conditions.
Consequently, the contributions of this chapter are twofold. Firstly, the devel-
opment of a generalised VU transfer coefficient for active networks is a salient and
essential contribution to VU management practices. Secondly, the development of
a novel control strategy for distributed generators is a salient contribution to the






The main objectives of this thesis were to develop modelling and analytical tools
to further the understanding of voltage unbalance in terms of their sources, propa-
gation, attenuation aspects and effective mitigation with a view to assist VU man-
agement in EHV, HV and MV networks where zero sequence currents are usually
ignored. The work presented also takes into account the aspect of transition of
conventional power systems to networks with increased renewable sources interfaced
with power electronic converters.
Development of a linear sequence domain network solution was presented in
Chapter 3, which was the basis for the work presented in the thesis. Reproducing





where [B] contains the information related to unbalanced sources and [Y ′++]−1 con-
tains the impedance terms of the network elements. Linearity of the developed
solution was employed in considering the impact of individual sources indepen-
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dently. Consequently, by considering the sensitivity of negative sequence voltages
for changes in the elements of [B], the corresponding network wide impact of indi-
vidual sources was determined. Accordingly, the rest of the Chapter 3 and Chapter 4
presented the employment of the network solution in order to determine the impact
of unbalanced installations and untransposed lines.
It was found that voltage unbalance propagates from one location to another
in the network based on the ratio of the corresponding elements in [Y ′++]−1, i.e.
VU which arises due to the change in the unbalance status at location i is found








. Based on the findings
related to the unbalance associated with untransposed lines, it was found that power
flow constraints can be enforced with respect to such lines, which can be seen as
a potential unbalance mitigation technique. Geometrical orientation of the lines,
degree of transposition, location of the line in the network and loading of the line
are factors which determine the influence of untransposed lines on a network wide
basis on voltage unbalance.
Unbalance attenuation takes place whenever a low negative sequence impedance
path is present in networks. Consequently, three-phase induction motors which
inherently possess lower negative sequence impedance than its positive sequence
impedance help attenuate voltage unbalance. In order to examine the network
wide attenuation effects of induction motors, sequence domain network solution was
employed. Accordingly, the changes in the elements of [Y ′++] corresponding to the
presence of such loads were investigated. Degree of VU attenuation provided by a
three-phase induction motor depends on its positive to negative sequence impedance
ratio, capacity of the motor compared to the rest of the passive loads connected
and its location in networks. If the short circuit level of the PoC is low, the VU
attenuation effect will be evident more at the local bubsar and will have a lesser effect
on the rest of the network. In contrast, if the short circuit level of PoC is high, the
local VU improvement would not be prominent while the network wide VU levels
would exhibit a better overall improvement. Therefore, attenuation propagation is
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always better from high short circuit level to low short circuit level locations than
vice-versa.
In active VU mitigation, the same sequence domain characteristics as in three-
phase induction motors were implemented to represent power electronic interfaces.
Depending on the series or shunt connection, different power electronic compensators
achieve this by injecting a voltage or a current respectively. Consequently, similar
to the case with induction motors, the corresponding effect can be identified as a
change in the corresponding element in the negative sequence admittance matrix
([Y ′++]). It was found that, VU mitigation effect throughout the network can be
explored based on the ratio of the corresponding elements of the admittance matrix.
Moreover, based on analytical findings, the optimum location for the implementation
of active VU mitigation was found to be the locations characterised by high short
circuit and high pre-existing VU levels.
With the understanding of network wide behaviour of VU and management and
mitigation techniques, application of different VU mitigation techniques into a prac-
tical 66 kV sub-transmission network was discussed in Chapter 7. Active mitigation
devices were found to be more effective in achieving a better network wide VU im-
provement despite of the nature of the VU sources, given that mitigation devices are
installed at the most appropriate locations. VU improvement imparted by active
VU mitigation was shown to be propagate much more easily to locations with low
short circuit levels compared to those with high short circuit levels. Verifying the
previous analytical findings, the best candidate locations for installation of active
mitigation devices were noted to be the locations where the both pre-existing VU
levels and the short circuit levels are high.
Improvements to conventional VU management practices to cater for active net-
works which were once passive distribution networks was discussed in Chapter 8.
With the increased penetration levels of distributed generation, associated attenua-
tion aspects of network VU can no longer be neglected. Consequently, a refined VU
transfer coefficient was developed which can account for a wide range of both ac-
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tive and passive devices which help attenuate network VU. Unbalance improvement
supported by inverter based distributed generators essentially differs depending on
the control strategy employed in the underlying power electronic systems. Conse-
quently, the contributions of Chapter 8 are salient not only in terms of developing a
generalised VU transfer coefficient for active networks but also in terms of establish-
ing a novel control strategy for distributed generators connected to networks with
pre-existing VU conditions.
9.2 Recommendations for Future work
The work presented in this thesis was mainly aimed at developing an understanding
of network wide behaviour of VU both in radial and interconnected networks. Appli-
cation of the developed methodology for assessment of VU emissions from network
wide dispersed sources was further discussed. However, employment of the derived
techniques in a more practical environment with the synergy of existing Distribution
System and State Estimation techniques in general was not discussed which can be
identified as a salient extension to the work presented.
The main thrust of the work was to develop a negative sequence network solution
which is a convenient tool for analysing VU as a network phenomenon. Reinforcing
the sequence domain solution to cater for recent advancements in distribution net-
works, particularly with the increased penetration levels of distributed generations,
is yet to be discussed. Moreover, the operation of the distributed generators taking
into account the associated implications on existing VU, is a novel area of research
which was given attention in this thesis. The understanding developed along the
VU abatement which can be realised through proper configuration of smart inverters
can be incorporated into existing VU management practices as a timely upgrade.
Similarly, the effect of converter based loads on network VU is worth investigating
considering the fact that such loads are nowadays becoming increasingly popular.
The possibility of combining the research findings pertaining to the evaluation of
constituent components of VU with the developed network wide understanding is a
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worthwhile extension to the work presented. Moreover, compiling the findings of the
extensive research so far pertaining to VU, and revising the existing IEC practice,
can be identified as a potential extension. Extending the findings so far into four
wire networks in which the flow of zero sequence currents is not restricted in system
design, is worth investigating in future research.
Development of a novel control strategy for distributed generators operating
under existing VU to achieve the desired compromise between the minimisation
of the impacts on the inverter itself and providing network VU correction, is a
novel concept presented in this thesis. Although this novel control strategy was
verified using rudimentary PSCAD/EMTDC models, incorporation of the theory
into commercially available inverter models, and verification of its robustness can
be further investigated. Laboratory testing of the developed control theory can be
a further step.
Although the developed control strategy was developed based on steady state
unbalanced conditions of VU, the same theory and principle stand true for short
term unbalanced conditions such as during unbalanced faults. Reactive current
injection capability of distributed generators during balanced and unbalanced faults
is a technical requirement of increasing significance in National Electricity Rules of
Australia (NER) due to the system security concerns. Compliance assessment of
distributed generators employing the developed control strategy, against NER, will
be a novel research area which will potentially have a impact both in academia and
in power system industry with rapidly increasing levels of distributed generators in
networks.
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Appendix A
Details of the Three-bus MV Test
System (Fig. 3.3)
• HV: 66 kV, MV: 12.47 kV, 60 Hz, three-wire
• Transmission lines: all lines are considered as identical in configuration and
untransposed (line lengths are shown in Fig. 3.3).
– Positive sequence series line admittance = ( 0.9743 - j3.6568) p.u./km
– Positive-negative sequence series line coupling admittance =( 0.1618 +
j0.2766) p.u./km
• Loads:
– Passive load: 12 MVA, 6 MVA and 3 MVA 3-phase constant power loads
(at bus 1, 2 and 3 respectively) with lagging power factors of 0.95, 0.75
and 0.85 in a, b and c phases respectively.




Data of the IEEE 14-bus Test
System (Fig. 4.7)
Note that the impedance/admittance values given in p.u. are based on a 100MVA
base.
Table B.1: Voltage controlled bus data
Bus Voltage Minimum Maximum
number magnitude (p.u.) MVAr capability MVAr capability
2 1.045 40 50
3 1.010 0 40
6 1.070 6 24
8 1.090 6 24






Table B.3: Generator and load bus data: three-phase MW and MVAr values
Bus Generation Load
number MW MVAr MW MVAr
1 (reference bus) 0 0 0 0
2 40 0 21.7 12.7
3 0 0 94.2 19.0
4 0 0 47.8 3.9
5 0 0 7.6 1.6
6 0 0 11.2 7.5
7 0 0 0 0
8 0 0 0 0
9 0 0 29.5 16.6
10 0 0 9.0 5.8
11 0 0 3.5 1.8
12 0 0 6.1 1.6
13 0 0 13.5 5.8
14 0 0 14.9 5.0
Table B.4: Transformer data: impedances and secondary tap settings (1st and 2nd
bus numbers refer to the primary and the secondary respectively)








Table B.5: Nodal positive sequence voltages















Table B.6: Transmission line data: lengths and impedances
Line Length Positive sequence
(km) impedance (p.u.)
1-2 6.56 0.0158 + j0.0602
1-5 24.17 0.0583 + j0.2220
2-3 21.43 0.0517 + j0.1968
2-4 19.55 0.0471 + j0.1796
2-5 19.27 0.0464 + j0.1770
3-4 19.34 0.0466 + j0.1777
4-5 4.65 0.0112 + j0.0427
6-11 23.21 0.0560 + j0.2132
6-12 29.89 0.0720 + j0.2745
6-13 15.39 0.0371 + j0.1413
9-10 9.51 0.0229 + j0.0873
9-14 31.46 0.0758 + j0.2890
10-11 22.00 0.0530 + j0.2020
12-13 31.37 0.0756 + j0.2882
13-14 40.83 0.0984 + j0.3750
Appendix C
66kV Sub-transmission
Interconnected Study System Data
(Fig. 7.3): Extracted from [1]
C.1 Operating Conditions at the Considered Time Stamp
The impedance values given in p.u. are based on a 100MVA base.
Table C.1: System details
Nominal voltage 66 kV (line-line)
Nominal frequency 60 Hz
Connection type three-wire







Table C.3: Generator and load bus data: three-phase MW and MVAr values
Busbar Generation Load
MW MVAr MW MVAr
S1 (reference bus) 0 0 0 0
S2 0 0 18.06 0.36
S3 0 0 18.27 7.11
S4 0 0 10.68 5.13
S5 13.50 0 0 0
S61 0 0 0.09 3.99
S7 0 0 33.99 14.52
S8 0 0 5.97 1.89
S9 0 0 1.65 0.24
1This represents the operation (balanced) of a static VAr compensator.
Table C.4: Voltage regulator data: impedances and secondary tap settings
Busbar Impedance Secondary tap
(p.u.) setting
S2 0.0014 + j0.0192 1.058
S7 0.0014 + j0.0192 1.111
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Table C.6: Generator impedance data
Busbar Sequence impedances (p.u.)
Zero Positive Negative
S1 0 0 0
S5 j0.5 j0.6 j0.6
Table C.7: Three-phase unbalanced load distribution over various busbars
Load busbar S2 S3 S4 S7 S8 S9
Pa (MW) 6.32 6.24 3.87 11.3 2.04 0.57
Pb (MW) 5.87 6.08 3.43 11.3 1.89 0.55
Pc (MW) 5.87 5.96 3.37 11.38 2.04 0.54
Qa≈Qb≈Qc
(MVAr)




Z11,t - positive sequence impedance of a line
Z21,t - negative-positive sequence coupling impedance of a line
Table C.8: Lengths and impedances (Z21,t and Z11,t) of sub-transmission lines
Line Length Z21,t Z11,t
(km) (Ω) (Ω)
A 67.65 0.065 + j0.617 7.043 + j23.037
B 19.16 0.450 + j0.260 5.031 + j6.677
C 17.83 0.228 + j0.102 1.968 + j6.058
D 71.49 0.740 +j 0.026 8.077 + j23.458
E 19.59 0.114 + j0.245 6.444 + j7.156
F 45.37 1.083 + j0.625 16.129 + j16.129
G 66.29 0.116 + j0.078 22.981 + j22.981
H 56.46 0.021 + j0.022 20.365 + j20.365
I 55.32 1.212 + j0.700 5.865 + j18.051
J 11.40 0.263 + j0.164 1.239 + j3.814
K 15.57 0.041 + j0.067i 1.599 + j5.231
L 80.65 0.197 + j0.226i 28.991 + j28.991
M 83.20 1.096 + j1.565i 13.107 + j26.874
N 21.16 0.414 + j0.176i 4.754 + j7.912
Appendix D
Data of the IEEE 13-bus Test System
(Fig. 5.6): Extracted from [2]
Following data were extracted from [2]. As some busbars and lines are not three-
phase, the corresponding sequence domain impdcances are not given. Instead, actual
geometrical configurations of lines and the conductor types are listed in Tables D.1
to D.3, which were used in the network model.
Table D.1: Overhead Line Configuration Data
Config. Phasing Phase (ACSR) Neutral Spacing
601 B A C N 556,500 26/7 4/0 6/1 500
602 C A B N 4/0 6/1 4/0 6/1 500
603 C B N 1/0 1/0 505
604 A C N 1/0 1/0 505
605 C N 1/0 1/0 510
Table D.2: Underground Line Configuration Data
Config. Phasing Cable Neutral Space ID
606 A B C N 250,000 AA, CN None 515
607 A N 1/0 AA, TS 1/0 Cu 520
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Table D.3: Line Segment Data
Node A Node B Length(ft.) Config.
632 645 500 603
632 633 500 602
633 634 0 XFM-1
645 646 300 603
650 632 2000 601
684 652 800 607
632 671 2000 601
671 684 300 604
671 680 1000 601
671 692 0 Switch
684 611 300 605
692 675 500 606
Table D.4: Transformer Data
kVA kV-high kV-low R - % X - %
Substation: 5,000 115 4.16 1 8
XFM -1 500 4.16 0.48 1.1 2








675 200 200 200
611 100
Total 200 200 300
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Table D.6: Regulator Data
Regulator ID: 1
Line Segment: 650 - 632
Location: 50





Primary CT Rating: 700
Compensator Settings: Ph-A Ph-B Ph-C
R - Setting: 3 3 3
X - Setting: 9 9 9
Volltage Level: 122 122 122
















634 Y-PQ 160 110 120 90 120 90
645 Y-PQ 0 0 170 125 0 0
646 D-Z 0 0 230 132 0 0
652 Y-Z 128 86 0 0 0 0
671 D-PQ 385 220 385 220 385 220
675 Y-PQ 485 190 68 60 290 212
692 D-I 0 0 0 0 170 151
611 Y-I 0 0 0 0 170 80
TOTAL 1158 606 973 627 1135 753
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Table D.8: Distributed Load Data















632 671 Y-PQ 17 10 66 38 117 68
Appendix E
Control Strategies of Three-phase
Distributed Generators under Grid
VU
E.1 Minimisation of Active Power Oscillations
Figure E.1: Reproduction of Fig. 8.3 (A snapshot of the sequence domain currents
and voltages at t = t1 at PoE of a distributed generator)
Fig. E.1 illustrates a snapshot of sequence domain voltages and currents at t = t1
at the PoE of a inverter-based distributed generator which can be used to analyse
instantaneous active power oscillations (p
DG
(t)), where i1,DG(t) and i2,DG(t) are the
positive and negative sequence current space vectors of the inverter-based three-
phase distributed generator respectively. Similarly, v1,PoE(t) and v2,PoE(t) are the
positive and negative sequence space vectors of PoE voltage. The magnitudes of the
voltage space vectors are considered to be V1,PoE and V2,PoE and the magnitudes of













= V1,PoE.I1,DG cos(α) + V2,PoE.I2,DG. cos(β)
+ V2,PoE.I1,DG. cos(2ωt1 − α) + V1,PoE.I2,DG cos(2ωt1 + β)
(E.1)
According to (E.1), instantaneous active power comprises of an oscillatory and a
non-oscillatory component. The oscillatory component of active power (PDG,osc)
can be identified as in (E.2).
PDG,osc = V2,PoE.I1,DG cos(2ωt1 − α) + V1,PoE.I2,DG. cos(2ωt1 + β)









A = V2,PoE.I1,DG cos(α) + V1,PoE.I2,DG cos(β)
B = V2,PoE.I1,DG sin(α)− V1,PoE.I2,DG sin(β)




(V2,PoE.I1,DG)2 + (V1,PoE.I2,DG)2 + 2(V1,PoEV2,PoE.I1,DG.I2,DG). cos(α + β)
(E.3)
For a particular set of V1,PoE, V2,PoE, I1,DG, I2,DG, the range of Pm can be found
based on (E.3) as;
|V2,PoE.I1,DG − V1,PoE.I2,DG| 6 Pm 6 |V2,PoE.I1,DG + V1,PoE.I2,DG| (E.4)
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Also the condition for the minimum ripple in instantaneous active power can found
to be;
cos(α + β) = −1→ β = π − α (E.5)
E.2 Controlled VU compensation
In the case of three-phase induction motors, a parameter is defined as the ratio of
positive to negative sequence impedance of the motor (ks), which gives an indication
of the VU attenuation caused by a particular motor load. Analogously, a parame-





= r∠(β − α), r ∈ R0,+ (E.6)
In the combined control strategy which was suggested in [15], configuration of three-
phase distributed generators to provide desired unbalance compensation subjected to
the minimisation of oscillations in the active power is suggested. The corresponding
ks,DG, and the magnitude of oscillations (Pm), can be derived based on (E.5), (E.6)
and (E.3).




Consequently, r can be chosen to give the desired unbalance compensation. For a
particular r, the active power oscillation would be a minimum when the angle of it
is controlled to be equal to (π − 2α), as per (E.5).
Similarly, in the group of inverters in which the active power oscillations are
completely suppressed to get rid of the adverse effects of network VU, r is controlled
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Table E.1: Comparison of ks,DG and Pm related to different control strategies of











subjected to controlled VU compensation
ks,DG 0 1∠(π − 2α) r∠(π − 2α), r ∈ R0,+
Pm V2,PoE.I1,DG 0 V2,PoE.I1,DG
√
|1− r2|
at 1 (Therefore, Pm = 0). Consequently, in those inverters, ks,DG = 1∠(π − 2α).
